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Ian James Braid ABSTRACT 
VIBRATIONAL SPECTROSCOPY OF ADSORBED HYDROGENOUS SPECIES 
STUDIED BY INELASTIC INCOHERENT NEUTRON SCATTERING 
i 
Inelastic incoherent neutron scattering (INS) spectra of hydrogen 
strongly chemisorbed at coverages of greater than one monolayer on Pd black 
(Drijfhout, Amsterdam) were obtained (77K) without interferenCE from adsorbed 
or type-C adsorbed hydrogen. The spectra were assigned by corrpa.rison with 
the vibrational spectra of transition-rretal hydiidocarbonyl compotmds and 
indicated the occupation by H of two-fold bridging and tenninal sites, the 
relative population of the terminal sites increasing at higher hydrogen coverage. 
. -1 . 
INS spectra (ca 20 to 850 an ; 10, 16 and 77K) of c-c3H6 adsorbed in 
ao4Na4Al12si12o48 , and of c-C3H6and c-c3n6 in Mn3_5Na5Al12si12o48 zeolite were 
consistent with c 3v symmetrY of the M(II)-cyclopropane sorption complexes 
(M=Co or Mn) • 
-1 INS spectra ( 320 to 2230 em ; 77K) of Kadox 25 ZnO and H2 adsorbed on 
ZnO were obtained. The v s and v 0 modes of type I Zn-H surface species were 
observed at 829 and 1708 cm-1 • Recent assignrrents in the literature of the 
. d h mod f ..,....H-...... . v 1: mode of type I 0-H spec1es an t e v e o type II Zn Zn spec1es 
u - as 
. -1 
to weak IR bands at 850 and 1475 an respectively were not corroborated by 
the INS results. The INS spectrum of ZnO contained an intense feature at 
1346 an-l which was tmchanged on H2 adsorption, and assigned to bulk impurities. 
Raman and IR data of ZnO were also discussed. 
-1 INS spectra (ca 20 to 850 an ; 10 and 77K) of c~2 and c2n2 adsorbed 
in partially Ni ++ ion-exchanged zeolite-Y indicated that the adrrolecules were 
non-linear (c2v syrrmet.ry) and laterally bonded to the surface . 
. Bands centred at 774, 684, 546 and 75 an-l in the INS spectra (ca 20 to 
850 an-1 ; 10 and 77K) of H2o adsorbed ill ca6Al12si12o48 zeolite at coverages 
of one H2o molecule per ca ++ ion or less were assigned to the wagging, twisting 
and rocking modes and to the doubly degenerate hindered translations parallel 
to the surface, respectively of H2o adsorbed at ca ++ sites. 
ii 
INS spectra (lOK) of H2 adsorbed by zn4_5Na3 _0Al12 _5si11 _5o48 zeolite 
showed bands at 72 and 155 an-1 , assigned to the turmelling transitions 
E1-+E2 and E1-+B respectively between the sublevels of the ground torsional 
state of a rigid H2 rotor, confined to a plane parallel to the adsorbed 
surface, in a six-fold potential well of barrier height 29±3 kJ mol-1 . 
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1 
CHAPTER ONE 
INTRODUCTION 
2 
1.1 Introduction 
In this thesis we present the vibrational spectra of 
small hydrogenous molecules, such as acetylene, cyclopropane 
or hydrogen, adsorbed at a variety of surfaces, including 
variously ion-exchanged zeolites, palladium black and zinc 
oxide. An overview of the adsorbent properties is given 
in Section 1.4. 
Incoherent inelastic neutron scattering (INS) was used 
as our primary technique for obtaining the vibrational spectra 
of the adsorbed species, the principle advantages of INS over 
the more familiar spectroscopies such as infrared (IR) or 
Raman being the high sensitivity of INS to vibrational modes 
involving hydrogen atom displacements and the facility with 
which low frequency transitions, say below 500 cm-1 , can be 
observed. 
On molecular adsorption, a non-linear molecule may lose 
up to six degrees of translational and rotational freedom giving 
rise to a maximum of six hindered translational and torsional 
modes of the admolecule with respect to the surface. In the 
case of a linear molecule, a maximum of five degrees of freedom 
and five hindered translations and torsions are involved. In 
the main, these hindered modes occur at low frequencies, say 
below 500 crn- 1 , and thus INS is well-suited for the study of 
such modes, particularly if displacements of hydrogen atoms are 
involved. 
The significance of vibrational data on adsorbed species 
is outlined in Section 1.2. 
3 
1.2 Vibrational spectroscopy and heterogeneous catalysis 
Very many industrial chemical processes rely on hetero-
geneous catalysis at the gas/solid interface. Such reactions 
proceed by adsorption of at least one reactant and knowledge 
of the nature of the adsorbed species, of details of the bonding 
to the catalyst and of the structure of the surface itself, is 
of importance. 
Vibrational spectroscopy allows direct observation of the 
modes of the adsorbate-adsorbent bond(s) and thus provides 
information on the nature and strength of such bonds. 
The identification of the internal modes of vibration 
of an admolecule allows inferences to be drawn on the structure 
of the adsorbed species. Observation of bands due to the 
internal modes of the admolecule which are greatly different 
in frequency, intensity and shape to those of the free reactant 
is strong evidence of chemisorption and the formation of new 
chemical species at the surface. On the other hand, if the 
spectrum of the admolecule differs from that of the free molecule 
only in small intensity and frequency shifts of the bands, then 
this is suggestive of physiosorption, but does not of itself 
1 t h . t' 1 ru e ou c em1sorp 1on. 
The conclusions drawn from a vibrational spectroscopic 
experiment on the structure of the adsorbent and on possible 
changes of the surface during adsorption are often more limited 
than those appertaining to the adsorbate. This is partly 
because of the interplay of three features of the adsorbent, viz: 
the bulk properties of the solid; the overall properties of the 
surface and their perturbation by the adsorbate; and the pro-
perties of the surface local, on an atomic scale, to the admolecule. 
4 
For metals and semiconductors, these interactions are partie-· 
ularly important in regard to the electronic properties and 
possible surface reconstructions on adsorption. 1 ' 2 Such 
phenomena are better studied by electrical, eg work function 
change, 1 and diffraction, eg LEED, 3 methods rather than by 
vibrational spectroscopy. 
Thus vibrational spectroscopy can be used to determine the 
structure of intermediates involved in catalysis at the gas/ 
solid interface. Although we have not carried out such experi-
ments, the changes in intensity of a vibrational band during the 
course of a reaction can provide kinetic and mechanistic inform-
ation, provided that the band can be associated with a particular 
. 1 
spec1es. However, two caveats must be borne in mind when 
extending the results of experiments in surface science to 
catalysts as used in industry. Firstly, adsorption is usually 
studied in the laboratory using very much milder conditions and 
chemical components of far greater purity than are employed in 
industrial processes. Secondly, the dominant species.on a 
surface is not necessarily the intermediate via which a given 
catalytic reaction proceeds. 
A knowledge of the energy levels of an admolecule allows 
calculation of the molecular partition function, z, and hence 
of various thermodynamic properties, eg the standard molar 
4 
enthalpy relative to the absolute zero energy. However, these 
calculations can only be made for favourable cases. For example, 
in order to evaluate the vibrational contribution to Z, not only 
must the normal mode frequencies be known but in addition all 
of the anharmonicity constants or as many of the overtone fre-
quencies of each normal mode up to a level that their contribution 
to Z becomes negligible. 5 
lf 
5 
1.3 A survey of vibrational spectroscopies for adsorbed species 
This survey is written with particular regard to the 
adsorbents studied in this thesis, viz zeolites, a semiconducting 
metal ox~de (ZnO) and Pd black. 
1.3.1 Infrared spectroscopy 
Infrared (IR) transmission is the most common method 
of detecting the vibrational modes of adsorbed species. 6- 9 
High surface area samples are needed so that the resultant IR 
spectrum contains a considerable contribution from the surface 
species as distinct from the bulk of the sample. Species ad-
sorbed on a variety of surfaces may be studied, eg insulating 
and semiconducting oxides, zeolites, supported and bulk metal 
6-9 powders. The principle disadvantage of IR spectroscopy is 
that absorptions from the substrate often arise, masking bands 
from the admolecules. In the case of self-supporting zeolite 
samples, wide regions of complete absorption commonly occur 
below 1200 -1 em 10 Furthermore, conventional light sources 
w 
are of low intensity in the low ~avenumber region, say below 
300 cm- 1 , and thus it is difficult using transmission IR to 
. -1 
observe a large portion of the ca 0 to 500 em region in which 
bands to modes of adsorbate-adsorbent bonds often arise. The 
bands observed in many IR studies of adsorbed species are fre-
quently restricted to the strongly IR active internal modes of 
the d 1 .. 1 6-9 a mo ecu e. 
In addition to the usual electromagnetic selection 
11 
rules, a surface selection rule operates in the IR spectra of 
molecules adsorbed at highly polarisable surfaces such as 
metals. Only those modes with a component of the dipole-moment-
6 
h d . 1 t th f IR t' ll c ange perpen 1cu ar o e sur ace are ac 1ve. 
Transmission Fourier transform IR spectroscopy 
(FTIR) has been used to study adsorption by strongly IR ab-
sorbing or scattering solids such as CaO and Mgo. 9 ' 12 The 
FTIR technique has the advantage over dispersive methods of 
shorter observation times and therefore can be used to minimise 
possible changes in the sample during data acquisition. Time 
resolved spectra of surface species are more readily obtained 
by FTIR than by dispersive IR methods which may be limited to 
a narrow frequency range unless the time constant of the ob-
served reaction is large compared to the time needed for data 
collection. 9 The formation of N0°- and N0°+ species during 
NO adsorption on silica supported Rh has been followed using 
time resolved FTIR. 9 
The sensitivity of IR spectroscopy can be improved 
by recording reflectance spectra. Using diffuse reflectance 
Fourier transform IR spectroscopy it is possible to obtain 
vibrational spectra of species adsorbed by strongly absorbing 
materials from ca 800 cm-l extending to the near IR region. 12 
For example, the method has been used12 to study the adsorption 
of c 2H4 by a Mn(II)A zeolite in the range 4000 to 7500 cm-
1
. 
The spectrum showed bands assigned to overtone and combination 
modes of c2H4 molecules held by a weak, n-bonding interaction 
at specific sites. Diffuse reflectance spectroscopy can be 
extended to the ultraviolet region, up to ca 40,000 cm-1 , and 
has been used to study the electronic properties of transition 
metal ions in zeolit~s. 13 
Multiple internal reflection IR spectroscopy is 
sufficiently sensitive to study the adsorption of monolayer 
f ol 14 1 ms. However, a transparent reflection element is 
7 
required which restricts the range of suitable adsorbents, 
eg adsorption by bulk metals is difficult to study with this 
h 0 14 tee n1que. 
High sensitivity is achieved by IR ellipsometric 
spectroscopy which has been used to obtain vibrational spectra 
of less than 0.01 monolayer coverages of CO on Ni(lOO) single 
15 
crystal planes. This technique is a modification of IR 
specular reflectance spectroscopy in which the polarisation 
of the light is modulated prior to incidence on the sample. 
IR ellipsometric spectroscopy is principally sensitive to the 
adsorbate-adsorbent interface and is largely insensitive to 
15 
any ambient gas phase. 
1.3.2 Raman Scattering 
Species adsorbed on oxides, on bulk metals and, 
with some restrictions, on zeolites can be studied using Raman 
-1 16,17 
scattering over a wide frequency range, 50 to 4000 em 
Raman spectroscopic studies of zeolites are very often hampered 
by the weakness of the resultant scattering and, especially when 
transition metal ions are present, by intense fluorescence 
. 16 17 backgrounds. ' Most published Raman studies of species ad-
sorbed by zeolites are restricted to alkali and alkaline earth 
0 16 17 
metal 1on-exchanged substrates.. ' For such zeolites, the 
17 fluoresence can be reduced by calcination at, say 723K. 
The problem of the fluoresence backgrounds could be overcome 
in general by using picosecond pulsed lasers and gated detectors. 
The sensitivity of laser Raman spectroscopy is just 
sufficient to study adsorption by metal single crystals, eg weak 
8 
Raman bands have been reported for CO on Ni(lll), Ni(llO) and 
18 Ni(lOO) crystal planes. Raman studies of species adsorbed 
from the gas phase on metal blacks and supported metal powders 
have also been reported16 but the observed Raman bands are 
generally weak because of considerable light absorption by 
the darkly coloured substrates. 
Precautions must be taken in Raman studies of 
weakly adsorbed species that the intense laser beam does not 
cause -desorption. 
1.3.3 Electron energy loss spectroscopy 
Electron energy loss spectroscopy (EELS) can be 
used to observe the vibrational modes of species adsorbed on 
. 3 19 20 
metal surfaces. ' ' EELS is of similar sensitivity to 
transmission IR spectroscopy and can be used to study adsorption 
at single crystal metal surfaces. The accessible energy 
range is ca 300 to 4000 cm-l and can be extended to the visible 
. 19 
reg1on. Amongst the disadvantages of EELS are the modest 
resolution (ca 40 to 80 cm-1 ) and the fact that the overpressure 
of the adsorbate gas must be less than ca 5 x 10-5 torr, pre-
1 d . h' h h . t' t d' 19 c u 1ng 1g pressure c em1sorp 1on s u 1es. A molecular 
transition is EELS active for scattering in the specular direction 
if it is allowed by both the dipole-moment-change and surface 
selection rules, whereas all normal modes are active for out-
. 19 20 
of-specular scatter1ng. ' 
1.3.4 Inelastic incoherent neutron scattering 
Electromagnetic and the surface selection11 rules 
do not apply to inelastic incoherent neutron.scattering (INS). 
9 
All normal modes of vibration are INS active provided they 
involve displacement of nuclei with non-zero incoherent neutron 
scattering cross-sections, a. • 1nc The value of a. for lH lnC 
is an order of magnitude greater than that of any other nucleus 
which gives rise to an effective INS selection rule: those 
modes involving significant displacements of lH nuclei will 
dominate the INS spectra of hydrogenous materials. 22 
Being uncharged, neutrons have a high penetrability 
into matter and are not preferentially scattered by surfaces. 
A neutron may have travelled almost the full depth of a sample 
before being scattered. For study by INS, an adsorbate must 
scatter much more strongly than its adsorbent and an ideal 
system is a non-hydrogenous catalyst of high surface area 
supporting a hydrogenous adsorbate. The flux of monochromated 
neutrons from present-day sources is too low to study adsorption 
at single crystal surfaces. The adsorbents used in this thesis 
are all weak incoherent neutron scatterers and the lowest sur-
2 -1-face area material used was ZnO (7.8 m g ) . Because of the 
greater quantity of adsorbent compared to the adsorbate used 
in our INS experiments, the scattering from the adsorbent is 
not negligible but it can be subtracted from spectrum of the 
adsorbent plus adsorbate since the scattering intensity from 
the adsorbed species is found to be comparable to, and sometimes 
greater than. that of the background material alone. 
The low effective (ie flux limited) sensitivity of INS 
enables spectra to be obtained of adsorbates at solid surfaces 
in equilibrium with their own vapour, unlike EELS. 
In contrast with IR spectroscopy, vibrational modes 
of adsorbate-adsorbent bonds are readily observed using INS. 
10 
Because of the different selection rules, INS, IR and Raman 
21 22 data are complementary. ' 
The principle disadvantages of INS are the long 
counting times, up to 36 hours, needed for adequate statistics 
and, on occasion, the moderate resolution. However, it is 
our experience that the intrinsic INS band widths of adsorbate-
adsorbent vibrations are often greater than the width of the 
spectrometer resolution function. The best resolution (~E/E) 
of our INS data is ca 2%, obtained using the IN4 instrument 
(Chapter Four) . 
Further general comments on neutron scattering are 
given in Section 1.5. 
1.4 Adsorbents studied- generalities and industrial applications 
l. 4.1 Zeolites 
Some general comments regarding zeolites are given 
here but detailed discussion of their structure and properties 
is reserved until Chapter Three. 
Zeolites are crystalline, hydrated aluminosilicates 
which, as synthesised or as found in nature, contain cations of 
23 the group IA and group IIA metals. These cations are readily 
replaced by ion-exchange.with other monovalent or polyvalent 
cations, eg transition metals or rare-earths. 
Zeolites may be classified (Chapter Three) according 
to the structure of the aluminosilicate framework which extends 
in three dimensions, forming interconnected channels and voids 
in which are located the water molecules and metal cations. 
Intrazeolite water is, in general, easily removed and those 
ll 
zeolites which retain their structure on dehydration are termed 
l l . 23 mo ecu ar s1eves. The cavities of a dehydrated zeolite are 
available for the adsorption of host molecules and the maximum 
size of the host molecule which can be accommodated is deter-
mined by the dimensions of the cavities and the locations and 
radii of the cations. Within a zeolite, the adsorbate may 
bond to a metal cation and/or to the aluminosilicate framework 
eg by hydrogen bonding to the oxygen ions. Because of the 
large electric field within the voids and because competing 
ligands (eg H2o or o2 ) can be removed by prior evacuation, the 
intrazeolitic metal ions may be found in unusual oxidation 
states or bonded to otherwise weakly coordinating ligands. 
For example, stable complexes of c-C3H6 and c-N3H3 are formed 
24 25 
with Mn(II) and Co(II) ions in zeolite cages. ' 
Zeolites have catalytic and selective sorption 
properties which depend on the framework structure and the 
Si/Al ratio and can be readily further modified by ion-exchange. 
The possible sorption sites and the geometry of the sorption 
complexes can be determined by X-ray diffraction. 26 
The major industrial use of zeolites is as cracking 
catalysts in the refining of crude oil (Table 1.1). This 
accounts for over 95% of zeolite usage in the free world, and 
in the U.S.A., one third of all processed crude oil is treated 
in this way, amounting to 5 x 106 barrels a day in 1979. 27 
The second most important industrial usage of 
zeolites is as a component in the dual functional catalysts 
employed in hydrocracking (Table 1.1). In this process, low 
grade, high boiling point oil distillates are upgraded by 
cracking followed by hydrogenation of unsaturates in the product 
12 
to yield heating and fuel oils, petrochemical feedstocks,etc. 
6 Hydrocracking accounted for 1.5 x 10 barrels of oil per day 
in the U.S.A. in 1979. 27 
TABLE 1.1 Principle Industrial Usage of Zeolite Catalysts, 
adapted from ref. 27. 
Application 
Catalytic cracking 
Hydro cracking 
Petrochemicals,eg. 
benzene~ alkylation, 
xylene isomerisation 
NOX reduction by NH 3 
H2 production from H2/hydrocarbon mixtures 
o2 production from air 
Note a. R = rare earth. 
Annual usage 
tans 
220,000 
1,200 
200 
<100 
Principle zeolite Reference 
catalysts a 
RX, RY, RHY 27 
~gY 
Co, Mo, w~or· Pt-Pd 27 
on mordenite 
RY, ZSM-5 27 
H-mordenite 27 
29 
zeolite SA 29 
28 Breck has recently discussed the less common 
commercial applications of zeolites. The potential industrial 
applications of zeolites are as yet far from fully exploited. 28 
Probable future advances are in the continued development of 
processes based on the shape-selective ZSM-5 zeolites 3~ and 
of zeolite catalysts for the cracking of low grade crude oils 
or for the control of pollutants to meet environmental legis-
! t • 27128 ' a 1on. 
1.4.2 Palladium 
Table 1.2 lists the estimated annual utilisation 
of Pd in the U.S.A. and includes figures for Pt for comparison. 
13 
In the chemical industries, Pd supported on charcoals and 
alumina is employed as a selective catalyst for hydrogenation 
and dehydrogenation of intermediates in the manufacture of 
plastics, synthetic fibres, rubbers, dyestuffs, pesticides, 
31 pharmaceuticals and for the purification of gas streams. 
The extensive use in the U.S.A. of Pd and other group VIIIB 
metals in the oxidation to co 2 and H2o of CO and hydrocarbons 
in the exhaust from the internal combustion engine (Table 1.2) 
is expected to decline in future with the devel?pment of 
31 
cheaper catalysts and modification of engine design,· etc. 
TABLE 1.2 Estimated annual consumption of Pd and Pt in 
the U.S.A., 1979-1983, ·from ref".· 31. 
Application Annual usaoe 
kq X 102 -
Pt Pd 
Exhaust control catalysts for 235 53 
vehicles 
Catalysts for chemical processing 40 75 
Catalysts for petroleum processing 31 2.7 
Catalysts for NH 3 oxidation 17 0. 3 
Others (non-catalytic) 11 16 
1.4.3 Zinc Oxide 
Zinc oxide is used industrially as an adsorbent 
for the removal of H2s and other sulphur containing gases from 
32-34 petroleum and natural gas. In terms of the nature of 
surface intermediates and reaction mechanisms, zinc oxide is 
35 
one of the best characterised oxide catalysts. However, 
the precise nature of some surface species formed by hydrogen 
adsorption on zinc oxide is still not clear 35 and thus we 
undertook an INS study of hydrogen adsorption on ?inc oxid~ 
in an attempt to further characterise these species (Chapter Seven). 
14 
1.5 Neutron Scattering 
As well as measurement of the vibrational spectrum, 
neutron scattering may be used to give a wide range of 
information on the structure and dynamics of condensed matter, 
depending on the nature of the sample and how the neutron 
scattering experiment is carried out. There are several 
properties of the neutron which make neutron scattering a 
useful technique in the study of condensed matter: 36- 41 
(a) Firstly, the kinetic energies of thermal neutrons are 
of the same order of magnitude as the spacing of many energy 
levels in molecules. The energy of a transition may be accur-
ately measured by choosing the incident neutron energy such 
that the transfer of energy between the neutron and the excit-
ation involves a large percentage change in the neutron energy. 
-4 3 -1 Energy transfers from 1 x 10 to 3 x 10 em can be investig-
ated at the Institut Laue-Langevin (I.L.L.) ,Grenoble, 42 facil-
itating the study of molecular vibrations, rotations and re-
orientations, nuclear spin and tunnelling transitions. 
(b) Secondly, the wavelength of a thermal neutron is of 
similar magnitude to the interatomic distances in condensed 
matter and interference effects will arise in the scattered 
neutron waves, dependent on the atomic structure. 36 The 
available neutron wavelength range at the I.L.L. is 0.5 to 
ca 100~ 42 and as well as crystal diffraction studies, investig-
ations of the overall structure of, say, polymers or colloid 
particles are possible. 36 
(c) Thirdly, the neutron, being uncharged, has a high pene-
trability into matter. Except for magnetic atoms, neutrons 
are principally scattered by nuclear forces. The nuclear 
15 
interaction varies in an irregular fashion across the periodic 
table and differs for each nuclide of a given element. 37 
This contrasts with the rapid increase of the X-ray scattering 
amplitude with atomic number. Neutron diffraction is there-
fore better suited than X-ray diffraction to accurately locating 
2 the positions of hydrogen (as H) and other light atoms in 
crystals which also contain heavier atoms. 
(d) Fourthly, .the neutron has a magnetic dipole moment and 
thus interacts with unpaired electrons in a sample. Elastic 
magnetic scattering yields data on the spatial arrangement of 
magnetic atoms and the distribution of unpaired electrons. 38 
The energies of magnetic transitions are obtained from in-
elastic magnetic scattering. 3 ~ In this thesis we are concerned 
entirely with nuclear scattering and magnetic interactions will 
not be considered further. 
A given sample will scatter neutrons both elastically 
and inelastically. Both the elastic and the inelastic com-
ponents may generally be further divided into coherent and 
incoherent parts,. giving four possible types of scattering. 
The information obtained from each type of scattering is as 
follows. Elastic coherent scattering is the familiar Bragg 
diffraction. 39 Inelastic coherent scattering gives data on 
h d f 1 d h . d . . 1 t . 40 the p onon mo es o crysta s an t e1r 1spers1on re a 1ons. 
Elastic incoherent scattering gives information on the geometry 
and dynamics of reorientational and diffusive motions of mole-
41 
cules. Inelastic incoherent scattering, hereafter abbrev-
iated to INS, is sensitive to the dynamics of individual atoms 
22 
of a sample. The vibrational density of states of the sample 
may be determined from INS data, weighted by the amplitude of 
16 
of vibration, by the incoherent scattering cross section 
and by the Debye-Waller factor of the scattering nucleus 
(Chapter Two). It is with INS that this thesis is concerned. 
17 
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CHAPTER TWO 
NEUTRON SCATTERING THEORY 
2~1 Introduction 
There are three mechanisms via which a neutron may 
1-3 be scattered by a molecule or by an isolated atom. 
21 
Firstly, scattering may arise from the interaction of the 
nuclear forces between the neutron and the nuclei of the 
target. Secondly, magnetic scattering may occur through 
interaction of the magnetic dipole moment of the neutron 
with the magnetic dipole moment of any unpaired electrons 
in the target. Thirdly, the magnetic dipole moment of the 
neutron may interact with the Coulomb field of the nuclei 
and electrons of the target. The nuclear and the purely 
magnetic interactions are of similar strength and the Coulomb 
interaction is negligible in comparison. In this chapter we 
are concerned with the nuclear scattering only. 
Some basic ·properties of the neutron are listed in Table 2.1. 
TABLE 2.1 
~ass = 
charge = 
spin = 
3 Basic properties o'f the neutron, from ref. 
1.675 X l0- 27 kg 
0 
magnetic dipole moment = -1.913 nuclear magnetons 
= -9.663 X l0-
27 
A thermal neutron with velocity v and mass m has a 
de Broglie wavelength. A given by 
A = .lL 
mv ( 2. l) 
where h is Planck's constant. 
defined3 to.have magnitude 
The neutron wavevector k is 
k = l1!. 
A 
( 2. 2) 
22 
its direction being that of v. The momentum of the neutron 
is thus ..hk. In addition, the neutron energy E is given by 
E 1 .... 2 = 2 mv = = ( 2. 3) 
Inserting values for the physical constants, equations 2.3 
3 become 
E 42.18 106v2 660.2 16.72 k2 = X = = 
>..2 
-1 -.-1 b e-1 
where E is in em I v in ms I >.. in A and k 'jn A 
In any neutron scattering experiment, the neutrons in-
volved may undergo changes in their momenta and/or their 
4 
energy. Let the incident neutrons have energy E0 and wave-
vector to' and the scattered neutrons have energy Ef and 
wavefector kf. The scattering vector Q is defined by (Fig.2.1) 
Q = 
and hence IQI · + ( 2. 4) 
where 2 8 is the scattering angle (Figure 2 .1) . · The momentum 
transfer during the scattering event is tQ. 
Figure 2.1 Vector diagram for scattering of a neutron of 
incident wavevector to and final wavevector kf 
? 
The energy transfer, 6E, on scattering is 
6E = E -E 0 f = hv 
23 
( 2: 5) 
where v is the frequency and w the angular frequency associated 
with the quantum of energy transferred. 
2.2 Neutron scattering cross-sections 
Consider a monochromatic beam of neutrons of energy E 
0 
incident on a target (Figure 2.2). The target is for the 
moment regarded as a general collection of atoms and may be in 
the form of a crystal, amorphous solid, liquid or gas. 3 In 
a typical neutron scattering experiment, the number of neutrons 
scattered in a given direction (6,~) is measured as a function 
of their final energy, E (Figure 2.2). The measured quantity 
is called the partial differential cross-section and is defined 
by3 
L= dQdE (number of neutrons with final energy between E and E+dE scattered into the solid angle dQ in the 
direction (6,~) per second)/~dQdE (2.6) 
where ~ is the incident neutron flux. The partial differ-
entia! cross-section has dimensions of [area] . 
scattering cross-section is defined thus 3 : 
The total 
cr = (number of neutrons scattered in all directions 
per second)/~ ( 2. 7) 
The partial differential cross-section and the total scattering 
cross-section are related by: 
cr = Iall J: 
directions 
d 2cr 
dQdE .dEdQ. ( 2. 8) 
Fig. 2.2 The geometry of a neutron scattering event, 
X 
taken from refo 1. 
z 
-Neutron 
detector 
--- Scattered neutron 
wave vector 
~---~· Incident neutron 
- wave vector 
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2. 3 Neutron scattering by a single fixed nucleus 
There is no exact expression known for the neutro"n-
nucleus interaction. Experimentally, the interaction is 
-14 -15 1 known to be of short range, some 10 to 10 m. Because 
this range is very much shorter than the neutron wavelength 
of ca lo-10m, the scattering is isotropic from a single, fixed 
nucleus, ie from a nucleus which is considered to suffer no 
recoil on scattering. 1 The theory of nuclear scattering of 
neutrons is based on first order perturbation theory. F .5 erm1 
has shown that within first order perturbation theory, the only 
form of the neutron-nucleus potential which predicts isotropic 
scattering from a single, fixed nucleus is the so-called Fermi 
pseudopotential, V(r): 
V (r) = 21Tft
2 
m 
b o (r - R) ( 2. 9) 
where m is the neutron mass, b is the scattering length of 
the fixed target nucleus (see below) , r and R are the position 
vectors of the neutron and nucleus respectively, and 8 is the 
Dirac delta-function. 1 It is to be noted that first order 
perturbation theory is not strictly applicable to the nuclear 
scattering of thermal neutrons because the scattering interaction, 
although of short range, is strong. 1 In addition, the Fermi 
pseudopotent~al does not correspond closely to the true potential. 
The justification for using the pseudopotential and first order 
perturbation theory is that they give the required result of 
isotropic scattering from a single, fixed nucleus. 3 
Since it refers to a fixed nucleus, the scattering length 
b in equation 2.9 is known as the bound scattering length. 
The scattering £rom a nucleus of mass M which is free to rec6il 
is also described by equation 2.9 if b is replaced by the so-
3 
called free scattering length, bf' such that 
b f = 
b _l:L 
m+M 
26 
(2.10) 
The value of b (equation 2.9) and hence of bf is a 
property of the target nucleus and is obtained experimentally. 
In general, b and bf are complex quantities, the imaginary parts 
representing neutron absorption. For the nuclei considered 
in this thesis, neutron absorption occurs to only limited 
extents and. further discussion of scattering lengths will be 
confined to the real parts, which describe neutron scattering. 
The real part may be either positive, indicating no phase change 
in the neutron-wave on scattering, or negative if the phase 
h b 1,3· c anges y n. 
2.4 Neutron scattering from a collection of nuclei 
The Fermi pseudopotential (equation 2.9) is used as an 
approximate description of the scattering potential between a 
neutron and an individual nucleus present in a general collection 
of other scattering nuclei. Thus the scattering potential 
remains a function of the scattering length of the target nucleus 
and independent of the direction (e,~) of scatter (Figure 2.2). 
For the moment we regard the scattering nucleus as fixed in 
space. 
In general, the value of the bound scattering length b 
differs for each isotope of the scattering nucleus and also 
depends on the spin state of the combined neutron-nucleus system. 
Consider an isotope with non-zero nuclear spin I. The spin of 
the neutron-nucleus system is then I + ~ or I - ~- The· scattering 
lengths for the two spin states are different and denoted by 
27 
b+ and b- respectively. The number of spin states associated 
with spin I + 1 . 3 '2 lS 
2(I + ~)· + 1 = 2I + 2 
and the number of states associated with spin I-~ is 
2(I - ~) + 1 = 2I 
(2.11) 
(2.12) 
The total number of spin states is 4I + 2. If the neutrons 
are unpolarised and the nuclear spins of the target are randomly 
+ 3 
oriented, then the scattering length b occurs with probability 
(2I+2)/(4I+2) and b- occurs with probability 2I/~I+2). The 
average scattering length, b, from a collection of fixed nuclei 
of a single isotope is then 3 
(2.13) 
If the scattering system comprises an element containing several 
isotopes, then the relative abundance c of each isotope z ·must 
z 
be taken into account. Therefore, the average scattering 
~ngth, b, of a collection of fixed nuclei of several different 
isotopes, is 3 
b = 
I cz 
z 2I +1 
z 
{ (I +l)b+ + I b"""'
2
.} 
z z . z ( 2 .• 14) 
+ -
where I , b and b are the nuclear spin and the scattering 
z z z 
lengths of the isotope z·. The parameter b is known as the 
coherent scattering length of the element or nuclide. 3 The 
mean square scattering length, b 2 , of the collection of fixed 
3 
nuclei is given by: 
= 
I 
z 
c 
z 
2I +1 
z 
(2.15) 
28 . 
If the nuclei are free to recoil on scattering their 
effective scattering lengths are reduced and the average 
scattering length becomes 
bfree = 
recoil 
! Cz { (I +l)b+ + I b 
z (l+M /m) (2I +1) z z z } ( 2.16) 
and also 
{b
2
)free = 
recoil 
I 
z 
z z 
c 
z 
(l+M /m) 2 (2I +1) 
. z z 
where m is the neutron mass and M the mass of isotope z. 
z 
(2.17) 
The total cross-section for.scattering from an assembly 
of fixed nuclei is given by1 ' 3 
.• ;~ 
a = 41Tb (2.18) 
and for an assembly of nuclei which are free to recoil, by 
a free = 47T(b2)f ree (2.19) 
recoil recoil 
In any molecule in the solid state, the nuclei are neither 
fixed nor totally free to recoil 6 and the total scattering 
cross-section lies between the limits given by equations 2.18 
and 2.19. We discuss this below, after first considering 
the types of scattering which can contribute to the total 
scattering cross-section. 
In a typical sample used in a neutron scattering experiment, 
the scattering lengths will vary in a random way from nucleus 
to nucleus, owing to the random orientation of nuclear spins 
3 
or the presence of isotopes, or both. The nuclear scattering 
29 
from the sample may be considered in two parts, viz coherent 
and incoherent scattering. The coherent scattering is the 
same scattering which would arise if the scattering length 
of each nucleus was made equal to the mean value, b, the 
positions and motions of the nuclei being left unchanged. 3 
In the real sample, the random distribution of the scattering 
lengths from b gives rise to incoherent scattering. 3 The 
observed scattering is the sum of the coherent and incoherent 
parts and therefore: 
+ (2.20) 
where the subscripts coh and inc denote coherent and incoherent 
scattering respectively. The coherent scattering cross-
section may be written3 as: 
0 coh = (2.21) 
and, since the total scattering cross-section is 
a = (2.18) 
the incoherent scattering cross-section is given by: 
0. = 1nc (2.22) 
Both incoherent and coherent scattering may be further 
divided into elastic and inelastic scattering. The type of 
information obtained from each of the four subdivisions of 
nuclear scattering was outlined in Chapter One. 
In the case of nuclear scattering from a single isotope 
of zero nuclear spin, the scattering is entirely coherent 
since b 2 = (b) 2 . 
30 
If the appropriate scattering lengths are used, equations 
2 .. 21 and 2.22 apply to nuclei which may be rigidly fixed, free 
to recoil or in an intermediate situation. 
We now evaluate the bound-nucleus scattering cross-
section~ due to 1H nucl~i present in a target molecule. 
Koester? 1 + -14 has reported that for H, b = 1.085 x 10 m and 
-14 b- =-4.750 x 10 m. For 1H, I = ~ and so equation 2.13 gives 
b = 
and b = 
lb+ + b 
4 4 
-14 
-0.374 x 10 m. 
Equation 2.15 yields (putting C = 1) 
z 
= + 
= 6.52 x lo-
28 m~ 
Thus in the bound-nucleus limit, equation 2.21 gives 
0 coh = 
a 
coh = 1.76 X l0-
28 2 
m, 
and equation 2.22 gives a. = 1nc 
-28 2 
a. = 80.2 x 10 m . 1nc 
For scattering by nuclei of mass M which are free to recoil, 
equation 2.10 gives 
' 
41T(b) 2 [_11_] 2 
(
0
coh] = m+M free ~ 
(2.23) 
recoil 
~ I_lLJ 2 and (oinc)free = 41T(b2 (b) 2) m+M (2. 24) 
recoil 
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where m is the neutron mass. Thus for 1H nuclei, the values 
of the coherent and incoherent scattering cross-sections are 
both a factor of four smaller at the free-recoil limit than 
at the bound-nuclei limit. But regardless of the extent of 
recoil, the scattering from an assembly of lH nuclei is pre-
dominantly incoherent. 
In Table 2~2 we list the bound-nuclei values of a and 
coh 
a. for the elements and their isotopes relevant to this thesis. 1nc 
From equation 2.24, the differenoebetween the bound-nucleus 
and free-recoil limits of the incoherent scattering cross-
section of a nucleus of mass M decreases with increasing M and 
is greatest for lH. However, even at the free-recoil limit, 
the incoherent scattering cross-section of an lH nucleus is 
greater by at least a factor of four than that of any other 
nucleus listed in Table 2.2. It is shown below (Section 2.8) 
that the contribution to the observed value of [~~~E). from 
1nc 
those vibrational modes of a sample which displace nuclei type 
L, depends, inter alia, on the mean square displacement and 
the value of a. of the nuclei type L. 1nc Other factors (ie 
the vibrational force constants) being equal, the mean square 
displacement is largest for those nuclei of lowest mass. It 
is therefore a good approximation (ie subject to concentration) 
that in most hydrogenous systems, the total incoherent cross-
section will be dominated by that of the lH nuclei. 6 
All of the neutron cross-sections calculated for the 
molecules studied in this thesis appertain to the bound-nuclei 
limit (Table 2.2). The effect on the neutron scattering inten-
sity of the vibrational modes of our samples is accounted for 
by the function S. (Q., w) (Section 2. 5) . 1nc 
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TABLE 2.2 Neutron scattering cross-sections of various 
elements and their isotopes at the bound-atom limit 
Atomic Element or isotope cr cr. 
number (natural abundance, %) coh a 1nc a barns barns·· 
1 H (99.98)b 1.8 80.2 
D (0.02) 5.6 2.0 
6 ·C 6.5 0.0 
13c ( 1.1) 5.5 1.0 
8 0 4.23 0.0 
170 (0.04) 4.20 
180 (0.02) 4.52 
11 Na 1.65 1.7 
13 Al 1. 50 0.0 
14 Si ·2.16 0.0 
20. Ca 2.73 0.5 
40Ca (97.0) 3.0 0.1 
44Ca (2.1 0.4 
23 v 0.03 5.1 
25 Mn 1.9 0.4 
27 Co 0.79 5.2 
28 Ni 13.3 4.7 
58Ni (67.9) 26.1 
60Ni (26.2) 1.00 
61N. 
. l (1. 2) 7.3 
62Ni ( 3. 7) . 9.5 
64Ni ( 1.1) 0.02 
30 Zn 4.1 0.1 
64Zn (48.9) 3.9 
66Zn (27.8) 5.0 
68Zn (18.6) 5.6 
. 46 Pd 4.5 0. 3 
78 Pt 11.3 0.7 
Notes: _ 28 
a. 1 barn = 1 x 10 m 
b. 
7 
The cross-sections for lH are taken from Koester, the 
remaining cross-sections from Willis.8 
2.5 Incoherent inelastic neutron scattering and 
molecular vibrations 
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We need to express the experimentally observed partial 
differential cross-sections in terms of the structure and 
dynamics of the target system. These properties are described 
by the scattering functions S. (Q,w) and S h (Q,w) such that1 ' 6 : 1nc co 
[~~~El kf = k 1nc 0 
[d2o ] kf and dQdE . h = k 
co 0 
a. 1nc 
81f2 f; 
(J 
coh 
81f2 f1 
S. (.Q,w) 1nc 
S h (Q,w) 
co 
(2.25) 
( 2. 26) 
Although mathematically they are functions, S. (.Q,w) and 1nc 
Scoh (Q,w) are often referred to as scattering laws. 
In this thesis we are concerned with incoherent scattering 
and in particular with the interaction of thermal neutrons with 
the normal modes of vibration of the target molecule. In 
deriving an expression for S. (Q,w) it is assumed that there 
· 1nc 
is negligible interaction between the rotational (r) and 
vibrational (v) motions of the scattering molecule, and that 
both the r and v motions are uncoupled from the translational 
(t) motions. 6 The incoherent scattering function is then a 
convolution (*) of the scattering functions for the t, r and v 
moti6ns: 6 
sine (Q, w) = * S (.Q, w) v (2.27) 
The bands which arise in the inelastic incoherent neutron 
scattering spectra presented in this thesis are due to Sv(.Q,w), 
these bands being broadened by St and Sr. The broadening is 
more important for liquids and gases than for solids. 6 
/ 
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Zemach and Glauber9 have discussed the scattering 
function for molecular vibrations. It was shown that for 
an oriented assembly of harmonic oscillators in the form of 
9 
a single crystal: 
where: 
= 
X 
1 
8-rr2f1 
I 
L 
L 
CJ. 
lnC 
x 8 (f1~ - 't L:n w ) } 
a a a 
(2.28) 
n is the number of quanta of energy hw transferred during 
a - a 
the scattering process (na>O for neutron energy gain and na<O 
for neutron energy loss); 
a is an index for the normal modes of vibration; 
wa is the angular frequency of the normal 
tw is the energy change of the neutron; 
is the of the th ML mass L nucleus, 
I the modified Bessel function; 
na 
KB is Boltzmann's constant and 
mode; 
CaL is the normalised polarisation vector defining the direction 
of displacement of the Lth n~cleus in the normal mode a. 
The mean amplitude of vibration, 
___ a 
of the th in <u >, L nucleus 
/ -L by6 I lO the normal mode a is given 
r [ t tw ca I (2.29) a coth __a_ 0 <u > = - L -L 2MLwa 2KBT 
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From equation 2.28, the partial differential cross-section 
is a series of delta functions which arise whenever the 
energy transfer of the neutron equals that of a normal mode, 
or that of overtones or combinations of normal modes, of the 
6 
sample. 
In equation 2.28, In is the modified Bessel function 
a 
of the first kind. Experimentally, the argument of the Bessel 
function is found to be small (<0.01) in many cases and as a 
result the function may be approximated by the first term in 
its power series expansion: 6 
( 2. 30) 
Exceptions to the small argument case are discussed in 
Section 2.10.1. In equation 2.28 the product of the series 
n is the contribution of the Lth nucleus to the incoherent 
a 
scattering law of the molecule, ie equation 2.28 may be 
written as: 
= 
kf 1 
k 8;2h 
0 
I 
L 
crL s~ ( ) inc 1nc .Q,w (2.31) 
From equations 2.28, 2.30 and 2.31: 
s~ (.Q, w) n '.' exp [-(Q.·C~)2 t coth (~)] = 1nc a 2MLw 
. a 
X exp (-n S/2) 
a 
1 [ ft(.Q·C~) 2 l I nal x In I ! 4ML w a sinh (S/2) a 
X o (f1w - it l,lnalwa) (2.32) 
a 
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Equation 2.32 gives the scattering 
function for the nuclei type L of a molecule arising from 
the transfer of n quanta energy hw to the normal mode a. 
a a 
2.6 Elastic incoherent neutron scattering 
For elastic scattering, n = 0 for all n and equation · 
a a 
2.32 becomes 
. {'r t 
S. (Q,w) = exp .2M 1nc 
, L 
which may be written 
S. (Q, w) = exp (-2WL) lnC 
I 
a 
(2. 33) 
(2.34) 
th 
where exp(-2W ) is the Debye-Waller factor of the L nucleus, L. 
which involves a contribution from all the normal modes of the 
sample ... From equation 2.29 
= l 
2 
2.7 Inelastic incoherent scattering from a fundamental 
normal mode of vibration 
(2.35) 
Since the inelastic incoherent neutron scattering from 
hydrogenous samples arises principally from the 1H nuclei, 
hereafter we will drop the summation over L in those equations 
which are derived from equations 2.28, 2.31 and 2.32 and 
L discard the superscript L from the S. (Q,w) terms. 1nc 
Putting n =+1 (neutron energy gain) in equation 2.32 for 
a 
one normal mode and n =0 for the remainder, gives: 6 
a 
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+1 S. (Q,w) 1nc 
t a ? I 'h(Q.·.QL) ·- r 
= a exp(-2WL) 2M w a 
) L a 
(2.36) 
where ra is the Base occupation factor defined thus 
= [exp ( 13) -J] -l (2.37) 
An expression for S. (Q,w) for neutron energy loss (n =-1) 1nc a 
can be obtained in a similar way. Equation 2.38 is a combined 
expression, applying to both neutron energy loss and neutron 
energy gain, for the scattering function arising from a single, 
. 6 fundamental normal mode : 
S. (Q,w) = 1nc (2.38) 
where if n =+1 a , the -~ term is used and if na=-1, the +~ term 
is used. 
Neutron scattering experiments may be carried out by 
detecting neutrons which have either gained or lost energy; 
all of our INS data were obtained in the neutron energy loss 
mode. From the principle of detailed balance, the relationship 
between the scattering function for neutron energy loss and 
neutron energy gain, is 
+ S. (Q,w) = exp(f3) S~ (Q,w) 1nc 1nc (2.39) 
where the superscripts + and - denote neutron energy gain and 
loss, respectively. It is convenient to define a scattering 
function·~. (Q,w) which is even in energy transfer, such that1 : 
· 1nc · 
S~+ (Q,w) = ~~ (Q,w) = exp(~2 ) s: (Q,w) . 1nc 1nc (2.40) 1nc 
. 11 
Egelstaff has defined the function S(a,l3) such that 
~ 
S(a,S) = KBT S. (Q,w) 1nc (2.41) 
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where a = ~ 2o2/(2MLKBT) (2.42) 
and S = tw/(KBT) . (2.43) 
The equations for S. (Q,w) given thus far, apply to 1nc 
single crystals. All the samples used in our INS studies 
were polycrystalline powders. By averaging over all possible 
sample orientations, equations 2.33 to 2.38 may be rewritten6 
for polycrystalline samples, making the substitutions 
WL = WL (wa) (2.44) 
and (Q·C~) 2 .·o.2 jc~j 2 (2.45) 
Equation 2.44 expresses the fact that, for a polycrystalline 
sample, the Debye-Waller factor is mode dependent. Thus, 
for a polycrystalline sample, equations 2.38 and 2.40 give 
'V - _ ___,b'-=-'Q""-2---:----:---:-
sinc(Q,w) - 4MLwasinh(S/2) exp(- 2WL(wa))g(w) (2.46) 
where g(w) =I· ca 2 o(hw-tw) 
a -L a (2.47) 
and g(w) is the amplitude-weighted frequency distribution. 
From equation 2.46 
'V 
g(w) = 4M Wsinh(S/2) 8 inc(Q,w) exp(+2W (w)) (2.48) 
L 2 L Q 
Egelstaff11 has defined the function p(a,S) which is 
directly proportional to the amplitude-weighted frequency 
distribution, such that 
KBT 
T p(a,S) = g(w) (2.49) 
and therefore 
( 2. 50) 
The function P(a,S) is calculated from data collected at non-
zero momentum transfer and is therefore not ideal for comparison 
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with optical data. A function more suited to this comparison 
is p(B), defined by: 
Lim (~inc(~, w)) (2.51) 
a.-+0 Q 
Thus p (B) may be evaluated by extrapolating to z:ero. a. the 
data collected for the same energy transfer at several different 
values of a.. 6 
The function P(a.,B) is used extensively for the present-
ation of data recorded by neutron time-of-fUght (t.o.f.) spectro-
meters. Typically, the t.o.f. spectra are presented as the 
sum of data collected over several different angles of de-
t 
P(a.,B) against~ is produced, where tection, ie a plot of 
i=l 6 
there are t scattering angles. The summation over t, which 
is possible if the observed modes show little dispersion, 
improves the statistics of the data but reduces the momentum-
transfer resolution. 
2. 8 Computation . of the functions· S (Q., w) and P (a., B) fran INS data 
Under neutron energy loss conditions, equation 2.38 gives 
for a series of fundamental, harmonic modes of vibration: 
(2.52) 
where ra+l = exp(B/2)/(2sinh(B/2)) (2.53) 
From the work of Hamilton12 for molecular modes of vibration, 
the ML term in equation 2.38 has be~n replaced in equation 2.52 
by ~L' where ~L is the reduced mass of the scattering unit with 
respect to the remainder of the molecule. The scattering unit 
is to be understood as comprising those atoms of the molecule 
which undergo significant displacements during the normal mode a. 
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According to Hamilton, 12 for a vibrational mode of translational 
character: 
\JL = M (2.54) 
and for a librational mode: 
(2.55) 
where M is the mass of the scattering unit, r is the perpendic-
ular distance between the scattering nucleus L and the axis of 
rotation and IR is the moment of inertia of the scattering unit 
about the axis of libration. In interpreting the INS spectra 
of adsorbed species presented in this thesis, the admolecules 
are considered to be scattering units which vibrate as a whole 
with respect to adsorbents of infinitely heavy mass. For 
hydrogen atomically adsorbed by our ZnO and Pd black samples 
(Chapters Five and Seven), the reduced mass, ~L' of the adatom 
is set equal to unity. 
If uL(t) is the displacement at some instant t of the 
atom L due to the normal modes of vibration of the sample then 
(2.56) 
where qa is the ..normal coordinate for mode a. , 
'11 10 
For a harmonic 
osc1 ator : 
2 <q > 
. a 
t -tw a 
= ~coth ( 2K T) 
a B 
2 
where <q > is the mean square value of q . 
a a 
Thus in the harmonic approximation, the 0 2 1~~1 2 term of 
equation 2.52 becomes 
(2.57) 
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r ... Q2jc~l2··· I 2 a 2 2 2 wa = 
... Q jeLl <qa>fl coth(S/2) a (2.58) 
I 2 a 2 2wa11L 
= 
.•• Q <(UL) >t coth(S/2) a (2.59) 
where<({) 2 > is the mean square amplitude of vibration of the nucleus 
L in the normal mode a. 
Using equation 2.59, equation 2.52 gives for a fundamental, 
harmonic mode of vibration: 
(2.60) 
The normalised vibrational density of states, Z(w), of 
the sample is defined to be the fraction of the normal modes 
3 
whose frequencies lie in the range w to w + dw, such that 
J
wmax 
Z(w)dw = 1 
0 
(2.61) 
where w is the maximum frequency of the normal modes of 
max 
vibration. A crystal of N atoms has 3N normal modes and so 
3N. Z ( w) = I a (2.62) 
The function Z(w) may be regarded as a series of delta-like 
functions, each of which corresponds to a particular normal 
mode and whose height represents the degeneracy of the mode,eg 
..____._____.__..__ __ -L--L------.flw 
j 
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The principle use of incoherent inelastic neutron scattering 
of · 
is to obtain the Z(w)Aa given sample, since by substitution 
of equation 2.62 into 2.60 one obtains for a fundamental, 
harmonic mode of vibration: 
sinc(Q, wa) = exp(-2WL(wa))Q2<(u~)2> 
x 3N z (wa) 
( 1 +exp (- S) ) 
which may be rewritten as 
(-2WL (w ) ) o2z (w ) (r +1) 3N 
a a a S. (Q, w ) = exn----=--=--2 -----=--~-----lnc a llL wa 
using equations 2.56 and 2.57. 
Combining equations 2.25 and 2.63, one may write 
[ ~~~El · = :~ 1nc 1 3N 81f 2-fi I L L a. 1nc L'\{r Z(wa) a · · ( 1 +exp (- S) ) 
(2.63) 
(2.64) 
(2.65) 
which provides the basis for our earlier statement (Section 2.4) 
that the partial differential incoherent neutron scattering 
cross-section depends, in part, on the product of terms such 
as~~ <(ULa)2>. 1nc 
The function S. (Q,w) is frequently used to present INS 1nc 
spectra recorded on beryllium fitter detector (b.f.d.) spectre-
meters since, under certain conditions, the data as recorded 
are directly proportional to S. (Q,w) (Chapter Four). 1nc With 
the possible exception of the exp(-2WL(wa~ termJthe evaluation 
of which is discussed in Section 2.9, all of the terms in 
equations 2.63 and 2~64 are either known or constants for a 
particular sample. 
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Thus it is possible to test an assignment scheme of a 
b.f.d. spectrum by predicting relative INS band intensities 
using either equation 2.63 or equation 2.64 and comparing 
the predicted and observed values. All of our b.f.d. spectra 
were recorded at 77K, the minimum energy transfer being 56cm- 1 • 
Values of the (l+exp(-S)fiand (r +1) terms in equations 2.63 
a 
and 2.64 appropriate to our b.f.d. spectra are listed in Table 2.3, 
which shows that these terms may be set equal to unity to a 
-1 good approximation for transitions above 200cm . This approxim-
ation becomes more accurate as the value off (=hw/ (KBT)) 
increases. 
TABLE 2.3 -1 The values of the functions (l+exp(-S)) and 
(r +1) at 77K for various energy transfers 
a 
Energy transfer Value of _1 Value of (l+exp(-S)) exp ( S/2) 
r +1 = 
-l"iw, -1 at 77K a 2sinh ( S/2) em 
(to 3 sig. fig.) at 77K . 
to 3 sig. fig.) 
56 0.740 1.55 
70 0.787 1. 38 
100 0.866 1. 21 
200 0.977 1.02 
300 0.996 1.01 
An equation which allows INS band intensities to be pre-
dieted in terms of P(a,S) may be obtained in the following way. 
From equation 2.50 one obtains for a fundamental mode: 
P(a, S) = 
2llLwaKBT 
..f1Q2 (ra +1) 
S. (Q,w)exp(+2WL(w )) 1nc , a (2.66) . 
The computer programs used for reduction of t.o.f. data calculate 
P(a,S) from equation 2.66 using a value of S. (Q,w) obtained 1nc 
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directly from the observed scattering intensity via relation-
ships based on equation 2.25 (see Chapter Four). All the 
remaining terms in equation 2.66 are easily computed except 
for ~Land exp(+2WL(wa)). These latter two terms are set 
equal to unity by the programs since they are mode dependent 
quantities and cannot be evaluated for an INS band until after 
its assignment. Thus if Pcomp{a,S) denotes the value computed 
by the data reduction programs and P(a,S) the true value of 
the function, then: 
(2.67) 
From the definition11 of P(a,S): 
P(a, S) (2.68) 
and so 
Pcomp (a, S) 
3N. Z ( w ) 
---=-a- . exp (-2WL (wa)) 
!IL 
(2.69) 
If more than one type of scattering nucleus L gives rise to 
significant scattering, then equation 2.70 below may be used 
for a given assignment scheme to predict the rel~tive band 
. t 't' ~comp 1.n ensl. 1.es, ~ , which would be observed in the t.o.f. 
spectra produced by the data reduction programs: 
I L 
L 0 inc 
Z(w ) 
---=a-·exp(-2WL(wa)) . 
~L 
(2.70) 
In subsequent chapters, all references to P(a,S) signify 
the function Pcomp(a,S), the superscript comp having been 
dropped. 
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2.9 Evaluation of the Debye-Waller factor in neutron scattering 
The Debye-Waller factor (D.W. factor) represents the 
reduction in scattered neutron intensity due to the thermal 
motion of the target nuclei. 
in equation 2.46 and, by definition, for a single crystal: 
= (2.71) 
for the nucleus L in mode a. The D.W. factor of a single 
crystal depends on the relative orientation of the crystal 
and the scattering vector and in general differs for each 
mode of vibration. For a single crystal comprising an 
assembly of harmonic oscillators in a cubic lattice, equation 
2.71 becomes 
2W = L 
Q2 < rv2 UL > (2.72) 
where rv2 1 I ( a 2 <u > = < u- ) > L 3 a L (2.73) 
ie <~~> is the mean square displacement of the Lth nucleus 
in any direction. The quantity <u~> is isotropic and contains 
a contribution from all the vibrational modes which displace 
the Lth nucleus. Because of this isotropy, the D.W. factor 
is mode independent for this example. 
Evaluation of the D.W. factor for a polycrystalline 
a 2 
sample requires an averaging of (Q·uL) in equation 2.71 over 
all possible orientations of the sample for each mode a and 
each nucleus L. A formalism for carrying out the orientational 
13· 
averaging has been published by Thomas and Ghosh . According 
to these authors, the D.W. factor for a fundamental mode of a 
harmonic oscillator of a powder sample is given by: 
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= (2. 74) 
where 
r 
= 15 {' Tr~L + (2.75) 
and~ = (2.76) 
where. ~L and ~~ are second order tensors and : represents 
the outerproduct of the two tensors followed by double con-
t t ' 14 rae 1on. The tensors may be represented by 3 x 3 matrices, 
a 
whose trace is indicated by Tr ~L and Tr ~L· In deriving 
equations 2.74 to 2.76, it was assumed that no coupling 
occurred between internal modes and the intermolecular modes 
of vibration and that 2WL(wa)<<l. a The tensor ~L represents 
the mean square displacement of the scattering nucleus in the 
mode a and its components may be calculated from10 equation 2.77: 
( a)2 < UL > = coth ( S/2) (2.77) 
The tensor ~L represents the total mean square displacement 
of nucleus L and is the result of the summation of the displace-
t f th 1 d t 11 d f "b t" 14 men s o e nuc eus ue o a mo es o v1 ra 10n. Because 
of this summation, ~L is independent of wa· Equations 2.75 
and 2.76 show that V~ contains a contribution from all modes 
of vibration of the Lth nucleus but that the mode a makes the 
greatest contribution. Thus in general, V~ is anisotropic and 
a hence both VL and the D.W. factor are mode dependent. Thomas 
and Ghosh13 have discussed the energy dependence of the D.W. 
factor for special cases of isotropy of the tensors ~L and ~~ 
(Table 2. 4) • 
r--
"<1' 
TABLE 2. 4 The mode dependence of the Debye.,.,wa·lle·r ·f·acto·r· ·tn various appr6xm:ations 
Model or 
approximation 
Anisotropic 
Partially 
isotropic 
Isotropic 
Notes: 
Form of tensors 
~ I ~~ 
!Anisotropic I Anisotropic . 
~isotropic I Isotropic 
Isotropic I Isotropic or 
anisotropic 
Form of 
WL ~ wa) 
Mode 
dependent· 
Mode 
independent 
Mode 
independent 
This table has been taken from Thomas and Ghosh. 13 
a. The linear approximat~on is: . 2WL(wa)<<l. 
Form of WL(wa) in the 
linear approximationa 
1 2 { a a~ 10 Q Tr~L + 2 (~L :~L/Tr~LJ 
~Q2 Tr~L' valid ?nly.in linear 
approxJ.matJ.on 
~Q2 Tr~L rigorously valid 
48 
Using the symbols of Thomas and Ghosh, 13 equation 2.72 
for a single crystal would become 
2 
- Q Tr ~L· 
Griffin and Jobic15 have recently published a theory 
of the D.W. factor for the internal modes of a single mole-
cular crystal. · The theory assumes that the internal vibrations 
have equal D.W. factors. Two conditions must be met for the 
15 theory to apply. Firstly, the internal modes should be of 
much higher frequency than the intermolecular modes such that 
no coupling occurs between the two types of vibration. Secondly, 
it is required that hw~>>KBT where w .. is 
a 
the angular frequency 
of the lowest frequency internal mode. Under these conditions 
it was shown15 that the intermolecular modes made no con-
tribution to the D.W. factor of the internal modes. This 
was rationalised15 by proposing that in observing high frequency 
-15 . 
modes, one was probing such short times (ca lOs ) that the 
lower frequency internal modes did not have time to be effective 
-13 (w<lO s). 
'\, . 
The effect of the intermolecular modes on the observed 
INS spectrum of the internal modes was to broaden each band 
arising from an internal mode. Thus the observed band width 
of an internal mode is the result of three factors: 
1. the intrinsic band width of the mode; 
2. a recoil broadening from the intermolecular modes and 
3. the resolution function of the spectrometer. 
Dorner and Griffen16 have extended the theory of Griffen and 
Jobic15 to include the spectrometer resolution. If the energy 
resolution, ~w, of the spectrometer.is such that ~w<wD' where 
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wD is the maximum angular frequency of the intermolecular 
modes, then it was shown16 that the intermolecular modes 
give rise to shoulders on the band observed at wi due to 
the in~ernal mode of frequency wi. For poorer spectrometer 
resolution, ie Aw~wD, then one returns to the original case 
of Jobiq and Griffen15 since the shoulders are unresolved 
from the resonance at wi which appears to be broadened by 
. 16. 
the intermolecular modes. 
Howard, Boland and Tomkinson17 (HBT) have combined the 
theories of Griffen and Jobic15 and of Thomas and Ghosh13 to 
obtain expressions for the D.W. factors of the internal modes 
a polycrystalline sample. The HBT theory considers that the 
D.W. factors are mode-independent and is thus more general 
th th G 'ff d J b' 15 d' . If th t d't' an e r1 en an o 1c 1scuss1on. e wo con 1 1ons 
15 
required by the Griffen and Jobic theory apply, then, accord-
ing ·to HBT, 17 equations 2.74 to 2.76 give the D.W. factor of 
-
an internal mode provided that all the summations required by 
these three equations are restricted to the internal modes. 
Thus the D.W. factor of the internal modes of a polycrystalline 
sample contains contributions from only the internal modes 
of vibration. 
For our samples of hydrogen atomically adsorbed by ZnO 
(Chapter Seven), the HBT theory can be used to evaluate the 
D.W. factors for the vibrational modes of the H adatoms with 
respect to the surface since these vibrations are unlikely to 
be strongly coupled with the lattice modes of the adsorbent, 
all of which occur at lower frequencies. 
There is no published formalism for the D.W. factor of 
internal modes which arise at frequencies similar to the inter-
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molecular modes. In the case of an adsorbed molecule, the 
vibrations fall into three categories: 
1. the internal modes of the admolecule; 
2. the lattice modes of the adsorbent, and 
3. the hindered translations (t) and hindered torsions(T) 
of the admolecule with respect to the adsorbent. This thesis 
. is large·ly concerned with the t and T modes of adsorbed mole-
cules. The t and T modes are generally found to occur either 
in the same frequency region of the lattice modes or at only 
slightly higher frequencies. Therefore coupling between the 
lattice modes and the t and T modes cannot be ruled out and 
the equations 2.74 to 2.76 do not apply to the D.W. factors 
of the t and T modes. However, because of the lack of an 
adequate, published theory for such coupling, we have assumed 
in subsequent chapters that any interaction between the t and 
T modes and the adsorbent lattice modes does not affect the 
observed frequencies or band intensities. 
An experimental value of the D.W. factor for any funda-
mental mode observed in the INS spectrum of a polycrystalline 
sample may be obtained in the following way. Within the 
harmonic approximation, the D.W. factor for a polycrystalline 
sample is written thus: 
(2.78) 
2 
where UL(wa) is an experimental value of the contribution to 
the D.W. factor from the 
in mode a. ·In general, 
amplitude of vibration of nucleus L 
2 
<UL(wa)> has a different value for 
each mode. In t.o.f. neutron spectroscopy one obtains a series 
of spectra covering the same energy range but recorded at 
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different scattering angles, ie at different values of Q. 
Substitution of equation 2.78 into 2.69 gives 
T.Z(w) 2 2 
exp (-Q < U L ( w a) >) ]..IL (2.79) 
and therefore 
= ln [ c .. T. Z ( w) J _ 02 <U2. ( w ) > ]..IL L a ( 2. 80) 
where c .. is the constant of proportionality of equation 2.79. 
A value of -<U~(wa)> is obtained for a fundamental mode from 
the slope of a plot of.lil[Pcomp(a,S)J against o2 for the appropriate 
INS band. 
Similar arguments apply if the t.o.f. spectra are pre-
sented ip terms of S(Q,w), equations 2.64 and 2.78 giving 
(2.81) 
where c .... is a constant. 
The momentum-transfer dependence of the band intensity, 
measured in terms of P(a,S), of a fundamental mode in a neutron 
energy loss spectrum is given by the exp(-Q2 <U~(wa)>) term in 
equation 2.79. At a given energy transfer, o2 increases on 
raising the scattering angle. Within a neutron energy loss 
spectrum recorded at a particular scattering angle, o2 de-
creases as the energy transfer is raised. If the neutron 
energy loss spectrum is measured in terms of S(Q,w), the band 
intensity of a fundamental mode depends on the function 
2 2 2 Q exp(-Q <UL(wa) >), according to equations 2.64 and 2.78. 
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2 This ~unction increases for low values of Q , attains a 
maximum and then decreases as o2 is further increased. 
The variation of band intensity of a fundamental mod.e in 
a S(.Q,w) spectrum depends on the value of <U 2 (w )>for the L a 
particular mode as well as on o2 . 
The physical significance 
17 
of <U~(wa)> is as follows. 
According to the HBT theory, the value 2 of <UL(wa)> for a 
high frequency internal mode of a sample contains contributions 
from only the internal modes, provided that the lattice modes 
occur at frequencies much lower than the internal modes •. 
Although the theory of the D.W. factor for the t· and T 
modes of an adsorbed molecule is poorly developed, the experi-
2 
mental values of <UL(wa)> for such modes must be regarded as 
contaihing a contribution from each of the following: the 
internal modes of the admolecule; the t and T modes themselves 
and the lattice modes of the adsorbent. 
2.10 The intehsity of overtone and combination bands 
2.10.1 Mode-independent Debye-Waller factors 
From equation 2.32, the intensity of an overtone 
in which n quanta are transferred to one normal mode depends 
a 
upon terms such as: 6 
. a a · 1 
(
-n -l'lw ·J . 
exp 2KBT .lnal (2.82) 
provided that the Debye-Waller factor is mode-indep~ndent. 
In equation 2.82, the factor which is raised to the power lnal 
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is usually small (<0.01) and so the fundamental of a given 
mode generally has a greater INS intensity than its overtones. 
Scattering from multiphonon modes involves the transfer of 
quanta to different normal modes and the band intensity is 
low, being controlled by the product of several terms similar 
to equation 2.82, in the mode-independent Debye-Waller case. 
If Q is large and 8 small, the small argument expansion 
(equation 2.30) of the Bessel function and hence expression 
2.82 are invalid. Marshall and Lovesey1 have shown that 
under these conditions, the overtone contribution for complex 
molecules manifests itself as an increase in the background 
and not as discrete bands. 
2.10.2 Mode-dependent Debye~waller factors 
It has been shown18 that for temperatures and 
frequencies at which (l+exp(-8))- 1 ~ 1 (Table 2.3), equation 2.63 
for a fundamental harmonic mode may be rewritten as: 
S. (Q,w) 1nc (2.82) 
where o1 is the magnitude of the scattering vector for the 
fundamental mode. The equivalent expression for the first 
overtone of a harmonic mode which has a fundamental frequency~ , 
is given by18 
S. 1nc (Q ,w) CE • l (2.83) 
where ~ is used as an abbreviation for ~(w), and 0 2 is the 
magnitude of the scattering vector for the first overtone, and 
X~= ~ {(Tr~) 2Tr~ + 4(~:~)Tr~ + 2(~:~)Tr~ 
+ B(!jd!j·l\))}/{Tr!j2 + 2(!j•)l)} (2.84) 
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In equations 2.83 and 2.84, tensor ~ is evaluated using the 
frequency, w, of .the fundamental transition. 
From equations 2.32, 2.35 and 2.66, putting n =-2 in 
a 
equation 2.32, the intensity of the first overtone of a harmonic 
mode in a Pcomp(a,S) spectrum calculated by the data reduction 
programs at the I.L.L. is given by 
(2.85) 
where wa is the frequency of the fundamental mode. 
For a sample in which the internal modes of vibration 
do not couple with the intermolecular modes, the D.W. factors 
in equations 2.82, 2.83 and 2.85 may be evaluated using 
equations 2.75 and 2.76, restricting the summation in equation 
2.76 to the internal modes. Similarly for the modes of an 
adsorbate with respect to a surface, the D.W. factors may be 
calculated using equations 2.75 and 2.76, neglecting the ad-
sorbent lattice modes from the summation in equation 2.76, 
provided that the lattice modes do not couple with, ie occur 
at muc~ lower frequencies than, the adsorbate modes. In the 
case of the t and T modes of an admolecule which arise at fre-
quencies similar to those of the adsorbent phonons, the D.W. 
factors may be evaluated by equating the V~ and X~ terms of 
equations 2.82 and 2.85 with the experimental values of <U~{wa)> 
obtained from the Q-dependence of the INS band intensities 
of the fundamental and first overtone modes, respectively. 
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2.11 Nuclear scattering from H2 and n2 molecules 
d . t s . 19 1 t. 1 f t Accor 1ng - o pr1nger, a se ec 1on ru e or neu ron 
scattering from a molecule of total nuclear spin I' is that 
only transitions for which ~I'=O or ±1 are allowed. 
H2 exists in two spin states, orthohydrogen in which the 
proton spins are parallel (I'=l) and parahydrogen in which the 
spins are antiparallel (I'=O). In normal hydrogen, the 
relative population of the ortho-H2 and para-H2 states is 
20 2.98:1 at room temperature. The cross-sections of these 
two spin modifications depend on the value of ~I' during the 
scattering event. 
Squires 3 has discussed the nuclear scattering of a beam 
of unpolarised neutrons by molecules whose nuclear spins I' 
are randomly oriented with respect to the beam. 
2. •11.1 Coherent scattering from H2 
Aft S . 3 h f H th t 4 (b) 2 er qu1res, we ave or 2 a ocoh = n 
if ~I' = 0 (ie no spin-flipping) and ocoh = 0 if ~I' = 1 (ie 
if spin~fl~pping occurs) , where b is the mean scattering length 
of the individual 1H nuclei. Thus coherent scattering from H2 
arises solely from non-spin-flipping transitions. Ortho-H2 
and para-H2 contribute equally to the coherent scattering which 
is independent of I'. 
2 .11. 2 Incoherent s:cattering from H2 
Again after Squires, 3 for H2 one finds that 
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a. = 
4TI B2 I~(I~+l) 1nc 3 . if ~I~=O(ieno spin-flipping) and 
. BTI B 2 I~(I~+l) a. = 1nc 3 
b+-b-
where B = and 2I~+l 
if ~I~=~ (ie if spin-flipping occurs), 
b+ and b are properties of the individual 
lH nuclei {Section 2.4). Thus a. is zero for para-H2 and 1nc 
the incoherent scattering from H2 arises from the ortho modific-
ation alone. The value of cr. for spin-flipping of ortho-H2 1nc 
is twic& that for non-spin-flipping. 
2.11.3 Neutron scattering from n2 
The deuteron is a boson, having a nuclear spin 
I=l. Thus D2 exists in singlet, triplet and·quintet nuclear 
spin states which are equally populated at all accessible 
21 temperatures. Neutron scattering cross-sections, obtained 
from the formulae given by Squires, 3 are listed in Table 2.5 
for the nuclear spin states of D2 . 
r-
L{) TABLE 2. 5 Fixed-nuclei . .ne.u.tron. s.cat.terin.g cross-sections for n2 
Nuclear spin state a 
coh a. J.nc 
of n2 
no spin-flipping spin-flipping no spin-flipping spin-flipping 
molecule 
Singlet 4n(b+) 2 0 0 0 
Triplet 4TI(2b++b-)2 0 16n(b+-b-)2 8n(b+-b-)2 9 27 27 
Quintet 4 TI(3b++2b-) 2 25 0 16rr(b +-b-) 2 25 8TI(b+-b-)2 25 
+ -15 22 - -15 22 Note: b (9.2 x 10 m ) and b (0.16 x 10 m ) are fixed-nuclei scattering lengths for 
deuteron-nucleus systems of combined spin I~ + ~ and I~ - ~ respectively, where I~ 
is the nuclear spin of the n2 molecule. 
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CHAPTER THREE 
ZEOLITE STRUCTURES 
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3.1 Introduction 
Zeolites are a class of porous, crystalline alumino-
silicates of general formula Mx/n[(Alo2 )x(Sio2 )Y]·wH2o, where 
M is a cation of valency n, w is the number of water molecules 
and [ ] denotes the framework composition. 1 Typically, the 
ratio y/x is the range 1 to 5, depending on the zeolite structure. 
The cations M are present in sufficient number to balance the 
single negative charge of each Al(III) atom. Extending in three 
dimensions, the aluminosilicate framework comprises Alo4 and 
Sio4 tetrahedra which are linked by sharing oxygen ions. There 
are no unshared oxygens in the structure and the T04 tetrahedra 
(T=Al or Si) are known 2 as primary building units. A zeolite 
aluminosilicate framework may be envisaged as being constructed 
1 from subunits which are specific arrays of To4 tetrahedra. 
These subunits, or secondary building units 2 are linked to form 
three dimensional polyhedra which are in turn joined up to form 
the overall framework structure. The linking of the secondary 
building units and of the polyhedra is via the shared oxygen 
ions of the component T04 tetrahedra. 
The secondary building units as devised by Meier 2 are 
illustrated in Fig.3.land some of the polyhedra found in zeolite 
structures are given in Fig.3.2. 
Zeolites are classified into seven structural groups de-
pending on the constituent secondary building units of their 
aluminosilicate framework. 2 In this thesis we are concerned 
with zeolite type-A, which belongs to that group of zeolites 
having the double four-ring (Fig.3.U as the common structural 
unit, and with zeolite type-Y, which is a member of that group 
of zeolites having the double six-ring (Fig.3.1) as the common 
secondary building unit. 2 Both zeolites type-A and type-Y 
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Fig 3.1 The secondary building units in zeolite structures1 •2 • 
Only the positions of the tetrahedral silicon and 
aluminium atoms are shown1 • The oxygen atoms lie near the centres 
of the connecting solid lines,which are not intended to represent 
1 bonds .• 
D 0 0 B @) 
S4R S6R SSR D4R D6R 
~ d & 
T5 0 10 4-1 Ta0t6 5-1 Tso02o 4-4-1 
Fig 3.2 Some polyhedra in zeolite frameworks, taken from ref. 1. 
truncated cuba-octahedron 
truncated octahedron or sodalite unit 
8-double ring 
6-double ring or hexagonal prism 
18-hedron 
11-hedron 
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contain the polyhedral sodalite unit in their aluminosilicate 
frameworks (Fig.3.2) and these sodalite units are arranged 
differently with respect to each other in the two types of 
zeolite. 
The sodalite unit is a truncated octahedron, or 14-hedron, 
whose vertices are defined by 24 T ions (Fig.3.2). There are 
36 oxygen ions; these lie approximately halfway between the 
vertices but displaced from the edges of the 14-hedron (Fig.3.2). 
The sodalite unit has 8 hexagonal and 6 square faces. The 
distance between diagonally opposite points of the 14-hedron 
which are not impinged upon by the 0 ions is the free diameter 
. 0 1 
of the polyhedron, equal to 6.6A. 
3.2 Type~A zeolites 
Type-A zeolites are a class of synthetic zeolites, the 
fully sodium ion exchanged form of which has a pseudo unit-cell 
(see below) composition of Na12Al 12si12o48 ·27H2o when completely 
1 hydrated. The water of hydration is easily removed in its 
entirety by evacuation at 723K. We will refer to fully sodium 
ion exchanged zeolite-A by the abbreviation Na12A, which is to 
be taken to indicate the fully dehydrated form unless otherwise 
specified. 
In A-type zeolites, the sodalite units are linked together 
octahedrally by bridging 0 ions between their square faces 
(Fig~ 3. 3) . This linking extends in three dimensions throughout 
the (ideal) crystal and generates larger cavities of free 
diameter 11.4~. 1 These later cavities are 26-hedra, or trun-
cated cube-octahedra, defined by 48 T ions at the vertices and 
comprising six octahedral faces, eight hexagonal faces and twelve 
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Fig 3.3 The a1uminosilicate framework of type-A zeolites, 
after refs. 1,2. 
Fig 3.4 The ordering of Al 3+ and Si4+ ions in type-A zeolites, 
after ref. 10. 
(a) (b) 
o Al 3+ 
• Si4+ 
In (a) the Al 3+ and si4+ ions alternate rigorously, in accord 
with the ~oewenstein rule5 • In (b) the 3:1 ordering scheme of 
Al 3+and si4+ ions proposed by Thomas!£ a1 10 is illustrated. 
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square faces (Fig.3.2). Within a given zeolite structure, 
the largest cavities are labelled a-cages, the second largest 
as 8-cages, etc. Thus in A-type zeolites the 26-hedra are 
' 
the a-cages and the sodalite units are the 8-cages. The 26-
hedron is also referred to, somewhat loosely, as a supercage 
although strictly this term is reserved for the larger a-cages 
of faujasite-type zeolites (Section 3.3). 
Entry into the a-cage of an A-type zeolite can be made 
from any of the six adjacent 14-hedra, through 16-membered 
These rings are termed 8-oxygen rings (or 
0 
windows) because their mean free diameter of 4.2A is defined 
by the ionic radius of the oxygen ions. 3 Passage between 
an a-cage and a 8-cage is possible via a 12-membered Al3si3o 6 
0 
ring (6-oxygen ring) of mean free diameter 2.2A. Thus there 
are two interconnecting pore systems in type-A zeolites, one 
0 0 
of diamet€rll.4A with 4.2A constructions, the other of alternate 
0 0 0 3 11.4A and 6.6A cavities separated by 2.2A constructions. 
Early powder X-ray diffraction studies 4 of Na12A indicated 
a cubic structure. If the Si and Al ions were not differentiated, 
the pseudo unit-cell of the Na12Al12si12o 48 resulted with unit 
0 - 4 
cell parameter a = ca 12.3A and space group Pm3m. However; 
in A-type zeolites the Si:Al ratio is 1:1 which, according to 
Loewenstein's electrostatic valence rule, 5 necessitates a 
rigorous alternation of Sio4 and Alo4 tetrahedra. This ordering 
of t~trahedra requires that the true unit cell constant is 
0 
ca 24.6A and lowers the symmetry of the space group to the cubic 
- 6-9 Fm3c. The true unit cell contains 8 pseudo unit cells and 
192 To 4 tetrahedra. 
10 11 Recent work of Thomas and co-workers ' using powder 
d · ff · · 1 · · 29s · d 1 t neutron 1 ract1on, mag1c ang e sp1nn1ng 1 n.m.r. an e ec ron 
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microscopy has shown that the Loewenstein rule is in fact 
violated in Na12A zeolite. The.n.m.r. data indicated that 
each Si(IV) ion was linked, tetrahedrally, via shared oxygen 
ions to three Al(III) ions and one Si(IV) ion, and vice versa. 
This 3:1 ordering scheme of Alo4 and Sio4 tetrahedra is 
illustrated in Fig.3.4, along with the previously accepted 
4:0 ordering scheme (ie each Si(IV) ion linked via bridging 
0 ions to 4 Al(III) ions and vice versa). Thomas et allO,ll 
showed that weak reflections reported in published LEED12- 14 
and X-ray diffraction studies 6 ' 9 of Na12A samples Were consistent. 
with the repeat unit of the structure being comprised of two 
linked S-cages (Fig.3.4). This provides crystallographic 
evidence that the true unit cell of Na12A contains eight pseudo 
unit cells. The powder neutron diffraction data of Thomas 
et allO,ll for Na12A indicated a rhombohedral space group R3, 
the s-cages being slightly distorted from cubic symmetry. 
Within the same ~~1 ordering scheme, the cubic space gFoup Pn3n 
(a = 0 11 ca 24.6A) could also be desired for Na12A. 
It is conceivable that the short range Si/Al ordering in 
a zeolite would:depend upon its method of preparation. Thomas 
et az15 have shown this to be the case for the aluminosilicates 
sodalite and cancrinite but all the synthetic methods of pro~ 
ducing Na12A zeolite so far studied
15 have res·ulted in the 
same 3:1 ordering scheme. 
Hereafter, we will discuss A~type .zeolites in ter·ms of the 
pseudo unit cell, eg Na12si12Al12o 48 ·wH20, rather than in terms 
of the true unit cell. 
There are three crystallographically distinct types of 
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oxygen ion in the framework of A-type zeolites: O(l) ions are 
the bridging ions between sodalite units; 0(2) and 0(3) ions at 
distinguishable sites found in both the 6-oxygen and 8-oxygen 
. 16 
r1ngs. The Si-0-Al bond angles reported for hydrated and 
dehydrated Na12A zeolites are listed in Table 3.1. 
Table 3.1 Some reported bond angles in Na12A zeolite 
zeolite bond angle ref. 
hydrated Na12A Si-0(1)-Al 145 •. 5° 6 
Si-0(2)-Al 159.5° 6 
Si-0(3)-Al 144.1° 6 
dehydrated Na12A Si-0(1)-Al 145.1° 17 
Si-0(2)-Al 165.6° 17 
Si-0(3)-Al 145.5° 17 
The Na+ cations in Na12A may be ion-exchanged for other 
monovalent or polyvalent cations. In dehydrate~ zeolites, the 
exchangeable cations are generally held at specific sites with 
respect to the framework and may be located by single crystal 
X-ray diffraction. 16 Using the nomenclature of Barrer, the 
available cation sites in type-A zeolites are listed in Table 3.2. 
The number of cations present in the zeolite may be less than 
the total number of sites available and the cations are then 
distributed to minimise the free energy of the system. In a 
fully hydrated zeolite, the cations are themselves hydrated and 
have only a weak interaction with the framework. The fully 
hydrated cations are mobile. 
The cation locations in hydrated Na12A zeolite have been 
d · d f 'X · 1 t 16 and d d"ff t". 4 ~ 18-20 eterm1ne rom -ray s1ng e crys a pow er 1 rae 10n 
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Table 3.2 . . 16 Cation locations in type·-A zeol·ite· after ref. 
Number of sites 
Description of site Designation· available per 
pseudo unit cell 
In the centre of an 8-oxygen ring Sl } 3 Adjacent to an 8-oxygen ring but dis-
* placed into the a-cage Sl 
In the centre of a 6-oxygen ring S2 
Adjacent to a 6-oxygen ring but dis-
* placed into the a-cage S2 8 
Adjacent to a 6-oxygen ring but dis-
placed into the S-cage S2 ... 
Against a 4-oxygen.ring S3 12 
In the centre of a s-cage su l 
In the centre of an a-cage S4 l 
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studies. In the single crystal results, 6 eight Na+ ions per 
* pseudo unit cell were found at S2 sites on the 3-fold axes of 
the 6-oxygen rings and were tetrahedrally coordinated to three 
oxygen ions of the 6-ring and one water molecule. The re-
maining four Na+ ions could not be located with certainty. 6 
However, it is likely that three Na+ ions were positioned at 
* + Sl sites and that one Na ion, probably fully hydrated, was 
sited at S4. 6 
Single crystal X-ray diffraction studies17 , 21 , 22 of de-
hydrated Na12A zeolite show that eight Na+ ions were again 
* located at S2 sites on the 3-fold axes but that each of these 
ions had moved closer to its adjacent 6-oxygen ring on dehydration. 
A further three Na+ ions were each positioned in the plane of an 
eight-oxygen ring (Sl sites), there being one Na+ ion per ring. 
These cations were displaced from the centres of the rings to-
wards three 0(2) . 17,22 1ons. + The twelfth Na ion was found to 
be statistically distributed over the twelve equivalent S3 
sites, positioned on a 2-fold axis normal to a 4-oxygen ring. 17 , 22 
On the basis of increasing distance from the aluminosilicate oxygen 
ions, the strength of the bonding to the framework of the cations 
at the various sites in dehydrated Na12A decreases in the order 
* S2 .>Sl >S3. 
On dehydration of Na12A zeolite, the pseudo unit cell para-
meter a is decreased by approximately 0 l 0.02A; for the dehydrated 
zeolite it has been reported 22 
0 
that a = l2.292(2)A at 298.7K 
' (Pm3m space group) . 
The cation positions in the partially ion exchanged zeolites 
that we r. .. e.. used in our INS studies are discussed in the relevant 
chapters below. 
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3.3 Type-Y zeolites 
Type-Y, and also type-X, zeolites are synthetic examples 
of the so-called faujasite group of zeolites, the members of 
which share a common framework structure. 1 ' 16 Faujasite is a 
naturally occurring zeolite with this structure. The dist-
inction between X andY zeolites is based on the Si:Al ratio; 
those zeolites for which l.O~Si:Al<l.S being classified as 
type-X and those zeolites for which 1.5~Si:Al~3.0 being labelled 
1 type-Y. The only faujasite-type zeolite investigated in this 
thesis had an Si:Al ratio of 1.3 (Chapter Eight) although it was 
classified by the manufacturers (Strem Chemicals) as a type-Y 
zeolite. Despite the low Si:Al ratio of this material, we will 
refer to it as a Y-type zeolite in accord with the manufacturers' 
description. 
The aluminosilicate framework of the faujasite-type zeolites 
may be regarded as built up from sodalite units, linked by 
1 bridging 0 ions across their hexagonal faces. The resulting 
structure is very open (Fig.3.5), the sodalite units being held 
in a tetrahedral configuration with respect to each other and 
0 
enclosing large, nearly spherical voids (ca 12A diameter) known 
1 
as 26-hedra of type II or supercages. Each supercage is 
surrounded tetrahedrally by four other supercages from which it 
is separated by 12-oxygen rings of 8 to 9~ diameter. 1 
There are four crystallographically distinct types of frame-
work oxygen ion in faujasite-type zeolites (Fig.3.6) and typical 
Tl~-O-T2 bond angles are listed in Table 3.3. Adopting the 
16 classific~tion system of Barrer, the available cation positions 
in type-Y zeolites are listed in Table 3.4 and some are illustrated 
in Fig.3.6. 
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Fig. 3.5 The aluminosilicate framework of type-Y zeolites, 
after ref. 1. 
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Fig. 3.6 The idealised cation and oxygen anion positions in 
faujasite-type zeolites, taken from ref. 34. 
1' 
The intersections of the polyhedral edges show the positions of T atoms. 
Oxugcn atoms arc ~.Jwrcn at the mid-points of the edges, but should be dis-
placed to correspond to a tetrahedral cndronment for each Tatom. Some 
of the positions for the 4 types of oxygcns are slwrm. The center of the 
truncated octahedron is marked btl U. Four axes of inverse 3-fold sym-
metry IIUSS through this 11oint: 3 arc visible, am/ 1 is hidden because it lies 
perpendicular to the plane of the diagram. Four hexagonal prisms share 11 
hexagonal fa·ce u:ith the truncated octahedron; I is lliclclen. at the IJack side. 
The cation sites are: I at the center of a11 hexagonal prism, 1' di.l-placecl from 
a shared lwxa[.(mwl face into the socialite cage, 11' displaced from au un-
sharecl hexagonal face into the socialite cnge, II slightltl displaced into the 
supercagc, and II* clisplacecl consicleraiJlu into the supercagc. · · · · · 
M 
r-- Table 3.3 Some reported bond angles in faujasite-type zeolites 
BOND ANGLE 
Hydrated NaX Natural faujasite 
BOND Na88Al 88si104o384 ·220H20 (hydrated) 
ref. 23 re£.24 
Tl-O(l)-T2 132.4° 140.6° 
Tl-0(2)-T2 141.5° 140.3° 
Tl-0(3)-T2 136.3° - 145.1° 
Tl-0(4)-T2 146.8° 140.6° 
.,., 
Dehydrated NaY 
Na57Sil35Al57°384 
re£.25 
150° 
156° 
141° 
138° 
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Table 3.4 Cation locations in type-Y zeolites after ref. 16 
Description of site 
In the centre of a hexagonal prism 
linking adjacent sodalite cages 
In a sodalite cage, adjacent to a 
hexagonal prism 
In the centre of a sodalite cage 
· In a 6-oxygen ring linking a soda-
lite cage and a supercage 
Near a 6-oxygen ring of site II, 
but displaced into the supercage 
Near a 6-oxygen ring of site II, 
but displaced into the sodalite 
cavity 
In the supercage, adjacent to a 
square face of the sodalite cavity 
In the centre of a supercage 
In the 12-oxygen window of a 
supercage 
Number of sites 
Designation available per 
unit cell 
I 16 
I" 32 
u 8 
II 
* II 
II" 
III 
IV 
v 
32 
48 
8 
16 
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No X-ray diffraction study of hydrated zeolite-Y has appeared 
in the literature but x~ray powder diffraction studies of natural 
faujasite 24 and of hydrated NaX zeolite (Na80Al 80si112o384 ·xH2o>
20 
have been published, along with a single crystal X-ray diffraction 
study of hydrated NaX (Na88Al 88si104o384 ·220H20) .
23 In the 
single crystal study of hydrated Nax, 23 9 Na+ ions per unit cell 
were located at sites I, 8 Na+ ions at sites I~ and 24 Na+ ions 
at sites II. The remaining Na+ ions were unlocated and assumed 
to be hydrated arid mobile. 23 The unit cell parameter was 
25.028(5)R within the cubic space group Fd3m. 23 
An X-ray powder diffraction study of gehydrated zeolite Y 
(Na57Al 57si135o384 ) has located 30.0±0.5 Na+ ions per unit cell 
at sites II, 19.5±0.5 Na+ ions at sites I~ and 7.5±0.5 Na+ ions 
0 
at sites I. 25 The unit cell parameter was 24.71(2)A at room 
25 temperature within the space group Fd3m. 
The cation positions in the partially ion exchanged type-Y 
zeolites .. ~hich, .were· used- in our INS studies are discussed in 
Chapter Eight. 
3.4 The modes of vibration of zeolites 
. 26 27 28 IR spectroscopy, ' ' and to a lesser extent Raman 
28 
spectroscopy, has been extensively used to study the framework 
vibrations of a wide variety of zeolites. 
Flanigen et az 28 have investigated the framework vibrations 
-1 1 
of many zeolites in the range 1300 em to 200 em- . Each 
zeolite exhibited its own characteristic IR spectrum but there 
were similarities between the spectra of zeolites with related 
28 
structures. Two classes of IR band arose in the 1300 to 200 cm-l 
. 28 
reg1on 
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(1) those due to the internal modes of the To4 
tetrahedra and which were insensitive to variations in the 
framework structure; and (2), those arising from vibrations 
of the external linkages between tetrahedra which depended upon 
the framework structure and were related to the presence of 
some types of secondary building units and building block 
polyhedra. Both classes of IR bands were found to occur 
within characteristic frequency regions 28 (Table 3.5). IR 
spectra of zeolites A, X and Y obtained by Flanigen et al 28 in 
the region of the framework vibrations are shown in Fig. 3.7. 
A shift to lower frequencies of zeolite framework modes 
26-29 
with decreasing Si:Al ratio has been observed by many authors . 
The v (T-0) and v (T-O) internal stretching modes of T04 as sym 
tetrahedra and the bands associated with the double six-ring 
and the double 12-ring of NaX and NaY zeolites have been reported 
by Flanigen et az 28 to show a linear decrease in frequency with 
increasing Al content (Fig.3.8). 
All of the data thus far presented from the results of 
Flanigen et az 28 appertain to hydrated zeolites containing alkali 
metal or · (CH 3 ) 4N+ charge balancing cations. Dehydration of 
zeolites containing alkali metal. and no other types of cation causes 
only minor distortion of the aluminosilicate framework and gives 
rise to minimal changes in theIR spectra from 1300 to 200 cm- 1 . 1 , 28 
In both hydrated and dehydrated zeolites, multivalent cations 
cause greater distortion of the framework than do monovalent 
cat-ions. Thus IR bands arising from zeolite skeletal modes 
are sensitive to the charge, and radius, of multivalent intra-
zeolitic cations. This is illustrated in Fig. 3.9 by the IR 
spectra of dehydrated NaX and CaX published to Zhadanov et az. 27 
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Table 3.5 -1 The characteristic frequency regions (em ) of 
zeolite skeletal vibrations, after Flanigen et az 28 
Internal modes of T04 tetrahedra wavenumber region 
T-0 antisymmetric stretch 1250 - 950 (vs) 
T-0 symmetric stretch 720 - 650 
T-0 bending mode 500 - 420 (s) 
Modes of linkages between T04 tetrahedra wavenumber region 
modes of double-rings 650 - 500 
pore opening modes 420 - 300 
T-0 symmetric stretch 820 - 750 
T-0 asymmetric stretch 1130 - 1050 (sh) 
-
s = strong, vs =very strong, sh =shoulder 
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Fig. 3.7 The IR spectra of A,X and Y zeolites, illustrating 
some skeletal vibrations, taken from ref. 28. 
1200 1000 800 600 400 200 
cm· 1 
Dotted lines indicate those vibrations whose frequencies are 
insensitive to changes in the zeolite structure while dotted 
lines indicate. structure-s~nsi tive modes. The Si/Al ratio in 
the X zeolite was 1•2 and in Y, 2•5. 
Fig 3.8 The variation in frequency of several IR bands with 
the fraction of Al in the framework for X and Y 
zeolites, taken from ref. 28. 
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Fig. 3.9 The IR spectra published by Zhadanov et a1 27 of 
(a) NaX and (b) cax zeolites after vacuum dehydration 
at 673K for 4 hours. 
Fig 3.10 Regions of the IR spectra of CaY zeolite published 
by Flanigen ~ a1 28 after dehydration, dehydroxylation 
and rehydration. 
Cation movement In CaY 
I 
Hydroxy 
D-6 12-R 
pore 
3700 3500 i 1600 ~ 800 700 600 ~ 400 
cm-1 
R.T. 
Rehydrated 
after 400°C 
400°C 
Dehydroxylated 
200°C 
Dehydrated 
hydroxylated 
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In contrast to zeolites containing group IA cations, de-
hydration of zeolites exchanged with multivalent cations generally 
results in considerable movement of the cations and correspondingly 
large framework distortions which can be observed using IR 
. 1 28 
spectroscopy. ' For example, Flanigen et az 28 have observed 
changes in the IR spectrum of CaY zeolite on dehydration in the 
band due to v (T-O) which arises in the region ca 710 to 750 cm-1 , 
sym 
in the double six-ring band near 570 cm-l and in the pore-opening 
-1 band at 390 em (Fig. 3.10). These changes were reversed on 
rehydration and were interpreted as arising from movement during 
dehydration of Ca++ ions from positions within the S-cage to 
site I of the double six-ring units. 28 
The far-IR spectra of dehydrated, metal-cation-containing 
1 . 30-32 
zeolites show bands below 300 em- which have been ass1gned 
to the stretching modes with respect.to the aluminosilicate 
framework of the metal cations (Table 3.6). 
Table 3.6 Frequencies (cm- 1 ) assigned to vibrational modes 
of cations in dehydra·ted type-X ·and ·type-Y zeolites, 
from ref.30 
Assignment NaX KX CaX NaY KY. 
site I 160 287 167 107 
6-ring sites (I"',II,II"') 190 156 273 180 133 
site III 67 58 
.CaY 
25E 
227 
Evidence that these bands (Table 3.6) are due to the metal cations 
is provided by their non-observation in the far-IR spectra of 
hydrogen ion forms of the zeolites,eg HY or HX,and by the 
fo~lowing relationship. For group IA, and also for group IIA, 
cations the frequencies of these bands vary with m-l/2 , where m 
is the cation mass, provided that the cation site and charge, 
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the zeolite Si:Al ratio and the presence, if any, of adsorbed 
molecules are unaltered. 30- 32 
The modes of those cations which are not sterically con-
strained by the zeolite framework show a shift to lower fre-
quencies on hydration30 due to weakening of the cation-framework 
interaction, eg in KX zeolite the vibration of K+ cations at 
6-ring. sites shifts from 156 to 122 cm- 1 • 
The low frequencies of the modes associated with site III 
cations (Table 3.6) are consistent with the result1 ' 16 that 
occupation by cations of the sites III in faujasite-type 
zeolites is generally energetically disfavoured over occupation 
of the 6-ring and hexagonal prism sites. 
We reiterate that framework vibrations of dehydrated 
zeolites give rise to very weak bands in INS spectra. The 
incoherent neutron scattering cross section, ~. , 6f 0, Al 1nc 
and Si are zero and for dehydrated zeolites containing no ad-
G\.. 
sorb~nts, the only skeletal modes which can be observed by INS 
are those which displace cations with non-zero values of a. , 1nc 
+ 33 
eg Na (a. = 1.7 barns ) • 1nc Modes involving displacement 
of a. ' 1nc cations with appreciable values 
33 
crinc = 5.2 barns , are readily observed 
dehydrated zeolites (Chapter Six). 
eg co2+ for which 
in the INS spectra 
of 
of 
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CHAPTER FOUR 
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4.1 INS sample cells 
The INS sample cells (Fig.4.1) were thin walled.Al 
cans which had Al/Co friction weld9 ,· stainless steel/glass 
seals t.-Thich could withstand liquid helium temperatures, and 
glass break-seals. In Section 4.2.4 the purpose of the break 
seals is described. The beam windows were made of Al, which 
has .the advantages of being easily machined, of having a zero 
incoherent neutron scattering cross-section, and a very low 
. 1 
.... ·. thermal_neutron. absorption cross-section. Both cylindrical 
and flat types of INS cell were used (Fig. 4.1), the former 
allowing greater amounts of weakly scattering samples to be used. 
Fig. 4.1 Typical flat and cyl·indrical INS ·s·ampl·e· ·c·e·l1s 
- • ~ .. 1 - • ~ • • 
_T ___ _ 
E ::. 
0 0 QJ""' co c: 
~ 
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4.2 Sample preparation 
Details of the ion-exchange of the various zeolites are 
given in the relevant chapters below. 
Elemental analysis of the zeolites was carried out by 
the Departmental service at the University of Durham, using 
a Perkin-Elmer 403 atomic absorption spectrometer. For A-type 
zeolites,- known quantities of the sample were dissolved in 
dilute nitric acid and measured against the appropriate aqueous 
standards. In the case of Y-type zeolites, the sample was 
first digested in hydrofluoric acid and perchloric acid before 
dissolving in dilute nitric acid and measurement against the 
relevant aqueous standards. Analysis was made for Al, Si and 
the exchangeable cations for all our samples. 
4.2.1 Zeolite dehydration 
Except for NiNaY (Section 4.2.2), all the zeolites 
were dehydrated using a technique developed by J. Howard. 2 
The zeolite, typically 20 to 70g, was placed in a silica bulb 
which had a graded silica/pyrex seal allowing it to be glass-
blown to a vacuum line at point A (Fig. 4.2). The vacuum pump 
would be either an oil diffusion pump or a turbomolecular pump 
depending on availability. -5 After evacuation to 1 x 10 torr, 
the sample was heated with a cylindrical, electric furnance to 
-4 623K at such a rate that the pressure remained below 1 x 10 
torr. This would take 36 to 48 hours, depending on the quantity 
and nature of the zeolite. On reaching 623K, the sample was 
then heated to 723K over 2 hours. The furnance was then re-
moved and the sample vessel sealed by torch near point A (Fig.4.2), 
pumping being continued. When cool, the powder was tapped into 
00 
00 
F1g. ~.2 Apparatus used for vacuum drying of zeoli~es. 
Al INS 
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B 
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the INS cell which was sealed at point B (Fig. 4.2). The 
INS spectrum of the dehydrated sample was obtained and used 
as a background for the spectra of the zeolite plus adsorbate. 
4.2.2 Pre-treatment of NiNaY and ZnO samples 
These samples were heated in dried o2 before 
evacuation. The apparatus of Fig.4.2 was used, the o2 supply 
being connected via tap c. Further details are given in 
Chapters Seven (ZnO) and Eight (NiNaY). 
4.2.3 Pre-treatment of Pd black samples 
Fig. 4.3 shows the greaseless vacuum system used 
for the pre-treatment of Pd black. Surface oxygen was removed 
from the Pd surface by H2 titration, resulting in the formation 
of H2o which was easily desorbed. The composition of the gas 
phase during the titration was monitored with a quadrupole 
mass spectrometer. Further details are given in Chapter Five. 
The following technique was used for the adsorption 
of gases by dehydrated zeolites and of H2 by the pre-treated ZnO 
and Pd samples (Chapters Seven and Five) . 
A greaseless vacuum system was used (Fig. 4.4), the 
gas bulb A and the INS cell. F being glass-blown to the system. 
The break seals B of the gas bulb and INS cell (Fig. 4.4) allowed 
these vessels to be glass-blown to the vacuum line without con-
tamination of their contents. By dropping, under the control 
of a magnet, a steel ball-bearing onto the break seal, the 
contents of each vessel could then be exposed to the vacuum 
0 
0\ 
Fig. LJ-.3 Vacuum system used. for pretreatment of Pd. black samples. 
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and rotary pumps 
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system. We refer to that part of the vacuum system (Fig.4.4) 
between the valves D and H as the sample handling part of the 
system. The bulb A, side-arm G and connecting tubing up to 
valve D is called the gas handling part of the system (Fig.4.4). 
The bulb A was of known volume and had been previously filled 
to a known pressure with the adsorbate gas at a known temperature. 
The adsorption procedure was as follows. 
-5 1. The system was evacuated to 1 x 10 torr or less and 
valves D and H (Fig.4.4) were then closed. 
2. The break seal of bulb A was opened by dropping a steel 
ball-bearing on it with the aid of a magnet. 
3. By alternately opening and closing valves D and H, the 
pressure in the gas handling part of the system was adjusted 
such that it contained the required amount of gas to be adsorbed. 
The pressure was noted at each stage during this operation. 
This enabled the volumes of the gas handling and sample handling 
parts of the system to be calculated, assuming .the adsorbate 
was an ideal gas, since the quantity of gas initially contained 
in bulb A was known. 
4. With valves D and H closed, the break seal to the INS cell 
was opened. 
5. Valve D was then·gradually opened to admit the adsorbate 
to the sample. After ca 10 minutes, the lower half of the INS 
cell was immersed in liquid nitrogen. The cell was further 
immersed as the adsorption proceeded. 
6. After valve D had been fully opened and the pressure had 
come to equilibrium, the INS cell, while still immersed in 
liquid nitrogen, was sealed by torch at point G (Fig. 4.4). The 
liquid nitrogen was allowed to evaporate, the INS sample slowly 
regaining room temperature. 
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Using the ideal gas equation, the quantity of gas adsorbed 
was calculated from the pressure in the line measured immed-
iately before sealing the INS cell and from the volume of the 
system. Allowance was made for the volume of the INS cell, 
estimated from the internal dimensions of the Al can and the 
glass neck. 
4.2.5 The adsorption of water by ca6-A zeolite 
Demineralised water was poured via a side-arm into 
a glass phial fitted with a break seal. The side-arm was 
attached to a vacuum line and dissolved air removed from the 
H2o by successive freeze-pump-thaw cycles. The phial was 
sealed by torch at a point along the side-arm and the quantity 
of water in the vessel determined by weighing. 
The adsorption apparatus (Fig. 4.5) was assembled 
and connected to.a grease-free vacuum system by glass blowing. 
-5 After evacuation to 1 x 10 torr or less, the glass tube was 
sealed by torch at point B (Fig. 4.5). The break-seals D and 
E were opened and the INS cell immersed in liquid nitrogen. 
to 
The glassware was heatedfiY 323K using electric heating tape 
and heating was continued for 30 minutes after all visible 
traces of liquid had disappeared. The INS cell was then sealed 
by torch at point C (Fig. 4.5). 
4. 3 Neutron scat·tering ·spectrometers 
4. 3.1 The IN4 time-·ot-flight spectromet·er 
IN4 (Fig. 4.6) is a time-of-flight (t.o.f~ spectre-
meter on a thermal beam tube at the I.L.L., Grenoble which may 
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be used for a wide range of energy (0 to ca 400 cm-1 ) and 
momentum transfers. Various options in the spectrometer 
set-up are available but only those which we used are described 
here. 
The monochromator consisted of two rotating crystals of 
pyrolytic graphite which were mounted on parallel rails and 
separated by a rotatable collimator (Fig. 4.6). The relative 
phasing of the crystals' rotation and their distance apart were 
adjusted such that only those neutrons of the required energy 
were reflected from the crystals. The reflecting planes were 
C(0004) which enabled a monoenergetic beam to be produced in 
the range 113 to 407 cm-1 . Rotation of the crystals resulted 
in a pulsed monochromatic beam. 
The double monochromator reduced order contamination and 
the small spread of energies in the monochromated beam at the 
cost of a reduced neutron flux and also resulted in a very low 
background from epithermal neutrons. 
A fusion chamber monitor placed immediatelybefore the 
sample measured the neutron flux incident on the sample. For 
a monochromated energy of 240 cm- 1 , the incident flux is ca 
4 -2 -1 3 4 1.7 x 10 neutrons em s . ' The energy resolution 6E/E 
depends, in part, on the incident neutron energy and the trans-
ition energy and is typically ca 2% in our IN4 spectra. 
The sample containers were mounted horizontally in a 
-2 
chamber under an He gas pressure of ca lO torr and maintained 
at low temperatures (10 to 16K) by a variable temperature He 
cryostat (not illustrated) . The sample cans, if of the flat 
cell type (Section 4.1) were oriented at 45° to the beam. The 
incident beam was masked such that it was 30mm in the vertical 
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plane and sufficiently wide in the horizontal plane to illuminate 
the entire (interior) length of the sample can. Counting times 
for zeolite samples, whether dehydrated or containing an ad-
sorbate, were ca 36 hours. 
The scattering from a 2mm thick vanadium plate was also 
recorded. The scattering from vanadium is predominantly inco-
herent and, apart from a small effect due to the Debye-Waller 
factor, is isotropic to a good approximation. The isotropy 
of the scattering allowed the relative efficiencies of the 
detectors to be determined. In addition, absolute scattering 
cross-sections could be obtained if the total numbers of 
scattering atoms in the vanadium sheet and the sample were 
known. We used the vanadium data only for calibration of the 
detector efficiencies. 
The flight path box (Fig. 4.6) consisted of an aluminium 
housing filled with Ar gas. Around the outside of this box 
were 67 positions for the detector boxes, covering a range of 
scattering angles from -9° to 140°. Each of the 48 available 
detector boxes contained six 3He detectors and associated elect-
ronics, and spanned an angular width of 2.25°. The detector 
boxes were positioned over the periphery of the aluminium 
housing according to the requirements of the experiment; in 
general those angles corresponding to back scattering, rather 
than forward scattering, were preferred. 
The spectrometer was operated in neutron energyloss mode 
which, for IN4, gives better resolution than neutron energy gain. 
The samples were held at low temperatures so that those neutrons 
which were inelastically scattered caused excitations from the 
vibrational and rotational ground states of the molecule. Low 
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temperatures also minimise the reduction in scattered neutron 
intensity from the Debye-Waller factor (Chapter Two). 
Energy analysis of the scattered neutrons was achieved by 
measuring the time taken to travel from the sample to the 
detectors. Those neutrons which lost least energy to the 
sample arrived at the detectors first. For each neutron pulse, 
the time of arrival of the neutrons was recorded in channels 
of width 8~s with 508 channels per pulse. The data acquisition 
system was controlled by a dedicated PDPll computer which added 
data from successive pulses to obtain a plot of scattered 
neutron counts against channel number t. Conversion of the 
recorded data into the functions (SQ,w) and P(a,S) was carried 
5 
out using computer programs available at the I.L.L. The 
calculations were based on the following considerations. 
1. In order to improve the statistics of the data, the counts 
recorded from several different runs and by adjacent detectors 
could be summed for each t.o.f. channel. Let C be the counts 
s 
per channel thus obtained for the sample and Cb the counts per 
channel for the background. For each detector of group of 
summed detectors, the quantity yt, the corrected number of 
counts in channel t, was computed from: 
=[ a c a~cb] N (J _l_ _l_ £ s s ~ _Q Yt v N (J tn a3 £t s s 
where 
as = number of Qre-samQle monitor counts for vanadium run 
number of pre-sample monitor counts for sample run 
ab = number of Qre-samQle monitor ·counts for vanadium run 
number of pre-sample monitor counts for background run 
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V = total counts in the vanadium eleastic peak for the given 
detector group; 
= number of scattering nuclei cm- 2 in the neutron beam 
direction in the vanadium and sample respectively; 
= bound atom cross sections for vanadium and sample 
respectively. 
a 3 is a factor which is computed by the programs, and corrects 
for multiple elastic scattering and adsorption in the vanadium 
sample. It depends on the incident neutron energy, the width 
of the vanadium sample which is assumed to be in the form of a 
flat sheet, the angle of the sheet to the incident beam and the 
scattering angle; 
s
0 
and st are empirically determined detector efficiencies for 
elastically scattered neutrons and those which are inelastically 
scattered and recorded in channel t; 
hT = channel width 
sample-detector distance 
8 
4 
-1 
JlS.m 
2. The infinite energy channel, t , is that t.o.f. channel 
00 
which is switched open when neutrons have just arrived at the 
sample. Any neutron detected in this channel would have a 
zero time-of-flight. Those neutrons detected in some channel 
t have a reciprocal velocity T, given by 
T = (t-t ) . tn 
00 
The reciprocal velocity scale is therefore linear with respect 
to channel number and starts at zero at the infinite energy 
channel. 
100 
3. 5 6 For each channel, the following parameters are computed ' 
(a) Alpha 
where Q is the scattering vector, M is the mass of the scattering 
nucleus, KB is Boltzmann•s constant and T the absolute temper-
ature. Since o2 = k~ + k 2 ..,., · 2,k
0
kcos e , where k0 and k 
are the neutron wave vectors before and after scattering 
through an angle e, then 
a = 1.5079 X 1049 [ ~ 2 
0 
+ 
1 
2 
T 
_ 2cose J 
T T 
0 
where A is the atomic weight of the scattering unit in AMU 
and T is the reciprocal velocity of elastically scattered 
0 
neutrons. 
(b) Beta 
By definition, 
and tw = -f;2 (k~ - k2) L'IE 2m = 
so that S 2. 54 ~ lo22 t 2 (~~ = 2mKBT 
where m is the neutron mass, L'IE is the energy lost by the 
scattered neutrons and w the radial frequency associated 
with L'IE. 
o-1 
(c) The scattering vector, Q, is given in A by 
= 1589 l ~2 
0 
2cose 
.T 0 T 
l ~ 
(d) The scattering functions are calculated from: 
S (a, (3) = 
KBT x 1016 T 4 exp(S/2) Yt 
mT 
0 
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S(Q,w) = exp(-13/2) S(a,S)AKBT) for neutron energy loss: and 
P(a,(3) = 213 sinh(S/2) S(a,S)/a. 
4. 3. 2 The DIDO beryllium filter detector spectrometer 
Fig. 4.7 shows the DIDO beryllium filter detector 
(b.f.d.) spectrometer. The sample table {H) is fixed to the 
large shielding drum (I) which rotates about a vertical axis 
through the point Pin Fig. 4.7. 
A thermal neutron beam emerging from the DIDO lOH 
hole is monochromated by Bragg reflection from a single Al 
crystal. The Al(lll) crystal planes were used for scans from 
97 to 419 cm-l and the Al(3ll) planes for scans from 339 to 
887 cm- 1 . 
The neutron energy incident on the sample is ·in-
creased stepwise by incremental rotations of the monochromator 
crystal. The rotation of the crystal and of the large shielding 
drum required to maintain the sample at the correct take-off 
angle are achieved automatically by computer control. Counting 
at each monochromated energy was continued until a pre-determined 
number of counts had been recorded by monitor J placed before 
the sample (Fig.4.7). 
The maximum flux of monochromated neutrons was 1.3 x 106 
t - 2 -1 h' h d t 440 -l . h Al(lll) 1 7 neu rons em s w 1c occurre a em us1ng t e p ane. 
The beam size at the sample was 7 x 3cm. The sample cans were 
held vertically in a liquid N2 cryostat (77K) and those of the 
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Fig. 4.7 The DIDO b.f.d. spectrometer?. 
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0 
E 
F 
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i 
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I" 
·I I· 
.. I 1; . 
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BF3 detector arrays 
G Shieldtng segments 
H Sample ta~le 
I Large shieldIng drum 
J Monitor (235 U fission chamber) 
p Vertical axis of rotat1on of drum I 
and monochromator crystal B 
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flat, rectangular variety (Section 4.1) were oriented at 45°±5° 
to the incident beam (Fig. 4.7). 
Only those neutrons which, having been scattered by the 
-1 
sample, have energies of ca 42cm , or less, can pass through 
the Be filter to be counted by two banks of eight 10BF 3 detectors 
(Section 4.3.6). Neutrons with energies greater than 42cm-l 
are Bragg scattered by the Be blocks and do not reach the 
detectors. Let E0 be the energy of the neutrons incident on 
the sample and ES be the energy of an INS active transition in 
the sample. Neutron energy loss spectra are obtained by incre-
menting E0 and detecting those neutrons for which 
-1 Es ~ 42cm • 
The Be blocks are cooled to 77K by liquid N2 which increases 
-1 the transmission of neutrons with energies below 42cm . 
4.3.3 The beryllium filter detector spectrometer, INIB 
This spectrometer is designed to cover higher 
energies (ie 327 to ca 2500 cm- 1 ) than the DIDO b.f.d. and uses 
neutrons from the hot source at the I.L.L. The hot source is 
a graphite block at 2000K which increases, compared to a thermal 
source, the flux of neutrons with energies greater than ca 
-1 650 em . 
The neutron beam is monochromated by combined 
rotation and translation of a single Cu crystal (Fig. 4.8). The 
Cu(200) reflecting planes were used for monochromation in the 
range 320 to 960 cm-l and the Cu(220) planes for the range 807 
-1 to 2230 em • Motion of the Cu crystal and the rotation of 
the shielding drum (Fig. 4.8) about the sample position was under 
computer control. 
Fig. 4.8 The INlB spectrometer8 • 
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The beam size at the :sarnp.J.eis5.3 x 6.4cm and the flux 
-1 7 -2 -1 -1 
at 807cm [Cu(220)] 3 x 10 neutrons.cm .s and at 1614cm 
7 . -2 1 8 9 [Cu(220)] 1.3 x 10 neutrons.cm .5. ' The sample cans 
were held vertically in a liquid nitrogen cryostat (77K). 
Only cylindrical cans were used with this spectrometer. 
The Be filter (77K) and the bank of six 3 He detectors 
a+e mounted on a rail. The detectors were positioned for a 
0 
scattering angle of 40 . 
The principles of operation of the INIB spectrometer 
are similar to those of the DIDO b.f.d. Both instruments 
were used to obtain neutron energy loss spectra, each point 
in a given spectrum being normalised to a constant number of 
monitor counts. 
·4.3.4 Treatment of data obtained by b.f.d. spectrometers 
The monitors placed before the samples in the DIDO 
b f d d INIB t t f th 235 f. . h mb . . • an spec rome ers are o e U- 1ss1on c a er 
type, for which it is knownlO,ll that: 
1 
monitor efficiency a E-~ 
0 
where E
0 
is the incident neutron energy. 
sample, we have: 11 
Now for a powder 
d 2 a 
d~dE = 
kf 
k 
0 
a. 
_1,!!£ 
41T S. (Q, w) 1nc (4. 1) 
where a. is the incoherent neutron cross-section of the 1nc 
scattering nucleus, k0 and kf are the moduli of the neutron 
wave-vectors before and after scattering and d 2 a/(d~dE) is the 
partial differential scattering cross-section. Since the b.f.d. 
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spectra were recorded for a constant number of monitor counts 
at each incident 
detected counts 
11 
energy: 
d 2cr 
a dndE E 
-~ 
= 0 
2 
.£_Q_. k 
dnd~ o 
Thus from equations 4.1 and 4.2, 
detected counts = 
kfcr. 1nc .. 
41f s • (.Q. 1 W) 1nc 
In a b.f.d. experiment, kf is approximately constant and if 
we make the customary approximation (Chapter Two) that cr. 1nc 
is constant across the spectrum, then the measured b.f.d. 
spectrum is directly proportional to S. (.Q.,w). 1nc 
In Chapter Two, it was shown that the band intensity 
(4.2) 
( 4. 3) 
in a neutron energy loss spectrum was given for a fundamental, 
harmonic mode of vibration: 
S . (.Q., w) a 
lnC 
Q2 (r +1) 
a 'V 'V g(v) exp(-2WL(v )) 
a a 
'V 
where va is the wavenumber of the normal mode a, ML is the 
( 4. 4) 
mass of the scattering nucleus L, exp(-2WL(~a)) is the mode-
rv dependent Debye-Waller factor, g(va) is the amplitude weighted 
density of vibrational states and 
= exp(S/2) 
2sinh (S/2) 
where S = hc~a/(2KBT) and c is the velocity of light (cm/s). 
In general: 
+ k 2 - 2k kcos 
0 
( 4. 5) 
where 8 is ·the scattering angle. 
k 2 >>k 2 and if 8 = 90°, then 
For a b.f.d. spectrometer, 
0 
'V 
'V (4.6) 
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( 4. 7) 
where m is the neutron mass, Thus, from equations 4.6 and 4.7: 
= ( 4. 8) 
For samples in which the scattering from a particular nuclide 
L (eg 1H) dominates, equations 4.3, 4.4 and 4.8 give for a b.f.d. 
spectrum which has been normalised to constant monitor counts: 
detected counts a "' "' g ( v ) exp (- 2WL ( v ) ) ( r + 1) • 
a a a 
..( 4. 9) 
All our b.f.d. spectra were recorded at 77K. In Chapter Two, 
it was shown (Table 2. ) that to a good approximation at this 
temperature, the (r +1) term of equation 4.9 could be set equal 
a 
-1 to unity for transition frequencies greater than 200cm . 
For transitions below 200 cm-1 , the (r +1) term is to be 
a 
specifically evaluated for accurate calculation of relative 
INS band intensities via equation 4.9. 
Equation 4.9 was derived for scattering angles close to 
90°. In the case of the INIB spectrometer, scattering angles 
of 40° were used and the proportionality of equation 4.9 does 
not hold. "' . However, g(v ) may be obta1ned for INIB spectra 
a 
via equation 4.5. 
The relationship (equation 4.3) that the detected number 
of counts is directly proportional to S(Q,w) of the sample 
assumes that the only neutrons which reach the detectors are 
those which have been scattered by the sample. This assumption 
is not strictly valid. The DIDO b.f.d. spectrometer has a 
large, time variable background caused by the reactor, adjacent 
instrumerits, ~tc. This is also experienced using INIB, but to 
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a lesser extent. Time normalisation of b.f.d. spectra is 
used to minimise the effects of the variable background. 
Consider a sample comprising an adsorbent plus adsorbate. 
Let the number of counts detected per second with this sample 
in the beam be A, then we write: 
A = c 
s 
+ + 
where t 1 is the time taken for the monitor to detect a pre-
selected number, N, of neutrons; 
( 4 .10) 
Cs = counts per second from the sample (adsorbent + adsorbate) ; 
Cb = counts per second from the sample container, cryostat walls, 
etc.; 
C (t) = .the time dependent background (counts/second) from 
v 
external sources. 
Now consider a sample comprising an adsorbent with a clean 
surface, eg a dehydrated zeolite, and let B be the number of 
counts per second recorded with this sample in the beam. 
We have: 
·;;t2 C' (t) dt 
0 v 
where t 2 is the time for the monitor to detect N neutrons; 
= counts per second from the adsorbent; 
c' (t) = .the time dependent background (counts/second). 
v 
From equations 4.10 and 4.11, 
!~lev (.t) dt .r.·t2c' ( t) dt 
A-B = C c + 0 v -
s r tl t2 
( 4 .11) 
(4.12) 
For the b.f.d. spectrometers, tl 1- t2 and c 1- c' in general. v v' 
If we assume that at an average time ~(t1+t 2 ), the time dependent 
backgrounds are similar, equation 4.12 becomes: 
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= (4.13) 
The b.f.d. spectra of adsorbed species are presented in this work 
as time normalised counts, ie (A-B) (t1+t2 )/2, against incident 
neutron energy. Clearly, such spectra are subject to large 
errors if the two time dependent backgrounQs(equation 4.12) are 
greatly different at the average time (t1+t2)/2. However, 
experience has shown that this is rarely the case and a time 
normalised spectrum is, in general, found to be a smoothed version 
f . t d 12 o an uncorrec e one. 
The b.f.d. spectra of dehydrated zeolites and other cleaned 
adsorbents are presented in this work as Bt 2 against incident · 
neutron energy. From equations 4.3 and 4.11, such a spectrum 
depends on S(Q,w) of the sample but also contains a contribution 
from the sample container etc. and the time variable background. 
This latter contribution is greater in the DIDO b.f.d. data than 
in the !NIB results. 
4.3.5 The relationship between transition frequencies 
and band maxima in b.f.d. spectra 
The peak of a band in a b.f.d. spectrum does not 
correspond to the true transition frequency of the sample, but 
is greater by an amount ~. A method of calculating ~' which 
is an energy dependent quantity, has been given by Taylor and 
Howard. 13 
13 According to Taylor and Howard, the response of 
a b.f.d. spectrometer depends on the transmission window of Be 
(Figure 4.9(a)) and the detector efficiency, which for 10BF 3 and 
3He counters is dominated by an (energy)-~ factor (Figure 4.9(b)). 
Convolution of these two factors gives the instrumental response 
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Fig 4·9 13 
The a) transmission of Be and b) counter effic"1ency of a b.f.d. spectrometer. 
a) 
g 100 --------- -:;-:-----... 
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Calculated response functions of a BFD spectrometer 
(assuming a Gaussian energy distribution for the 
monochromatic beam) for four values of a (a= 5, 10. 15, 
20 em- 1; curves B, C, D, E respectively). Curve A is the 
response function for a delta function input. 
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from a transition in the sample of energy ~w (Figure 4.10, 
0 
curve A). Thus far, the incident neutron beam has been con-
sidered to be strictly monoenergetic. In practice, the incident 
beam contains a distribution of energies, arising from the mosaic 
spread of the monochromator crystal and the finite width of 
the collimator slits. 13 13 Following Taylor and Howard, the 
distribution of incident neutron energy is assumed to be 
Gaussian: 
(4.14) 
where E
0 
is the energy of the neutron incident on the sample and 
0
2 is the variance. Convolution of f(E 0 ) with the detector 
efficiency and Be transmission function gives 13 curves B to E 
in Figure 4.10. As 0 increases, the displacement of the peak 
maximum from the true transition energy at tw falls from 
0 
1 13 42cm- and has been shown to asymptotically approach a value 
-1 
of 24. 5.cm ~ The value of 0 depends on E which in turn is 0 . 
related to the scattering angle e of the white neutron beam on 
the monochromating crystal. For first order Bragg reflection 
from the monochromator: 
E 
0 = 
(4.15) 
where d is the crystal plane spacing and m the neutron mass. 
The major source of error in the monochromation of neutrons for 
both !NIB and the DIDO b.f.d. is the angular spread, oe, in the 
13 
white beam incident on the monochromator crystal . From 
equation 4.15, one obtains 
= 2E .cote. oe 0 
and cote is obtained via equation 4.9, from: 
= [f12 2 ]~ e arcsin 2m~2E0 · - (4.16) 
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13 Taylor and Howard have identified oE0 with the full width 
at half maximum of the Gaussian function of equation 4.14: 
and therefore 
oE = 2 12.a 
0 
1 
a= (2)-~. E .cote.ae 
0 
Thus a and thence ~ can be calculated as a function of E0 for 
given values of the monochromator plane spacing, d (equation 
4 • 16 ) , and o 8 . Correction factors, ~' published for the DIDO 
b.f.d. spectrometer (oe = 1.2°) are shown Figures 4.ll(a) . 13 
We have obtained the correction factors ~for INIB (Figure 4.ll)b)) 
using an assumed value of o8 = 0.5°, the true error in the collim-
ation being unknown. 
The abscissae of the b.f.d. spectra presented in this work 
represent the incident neutron energy, E0 • The true transition 
frequencies of the bands are indicated on the spectra. We 
estimate the precision to which band maxima and hence transition 
frequencies can be determined using both the INIB and DIDO b.f.d. 
-1 
spectrometers is ±15cm . 
4.3.6 Neutron detectors 
A neutron is detected by registering the voltage 
pulse from the ion-avalanche generated in the counter from the 
t . 14 reac 1ons 
= ~Li + ~He + 2.8MeV 
-
1H + 3H + .0.76MeV 1 "1 
(10BF detectors) or 3 
3 ( He detectors) . 
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Fig. 4.11 Plots of ~ against frequency of observed band 
maximum for b.f.d. spectrometers. 
a. DIDO b.f.d. spectrometer ( diagrams taken from ref. 13 ). 
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4.4 Optical spectrometers 
The optical spectrometers used were: 
Near infrared: Perkin Elmer 580B grating spectrometer 
Raman Cary 82 using the 514.5nm line of a Spectra-
Physics argon laser. 
The vacuum ce1115 used to obtain theIR spectra of a self-
supporting disc of ZnO (Chapter Seven) was made of stainless 
steel and used 5mm wide KSR5 windows. 
We estimate the precision of the Raman spectrometer to 
be ±3cm-l and that of the IR spectrometer to be ±2cm-1 . 
J 
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5.1 Introduction 
5.1.1 Hydrogen adsorption by Group VIII metals 
The surface species resulting from the chemisorption 
of hydrogen on Group VIII metals depend, inter alia, upon the 
metal itself, the crystallographic orientation of the surface, 
the coverage of H, the temperature and the nature of any support-
ing material. 
Ni, Pd and Pt behave similarly towards hydrogen in 
the following respects: 
1. The isosteric heats of adsorption, extrapolated to zero 
coverage, of hydrogen on various Ni, Pd and Pt surfaces 
are of a similar magnitude and listed in Table 5.1. 
2. H2/D2 exchange experiments and the second order desorption 
kinetics observed in temperature programmed adsorption 
studies1 show that hydrogen is dissociatively chemisorbed 
on Ni, Pd and Pt. The adsorbed phase is mobile on 
Ni/Si02 
2 
above 195K and on Pd3 and Pt 4 films at 77K and 
above. 
3. The coverage of hydrogen on the three metals, defined 
as e = the number of adsorbed H atoms/the number of metal 
surface atoms, reaches saturation at values greater than 
unity and approaches the value of 2, depending on the nature 
of the surface and the experimental conditions. For 
example, for 6% Pt supported on Sio2 at 300K, e = 1.8
5 
max 
and for Pd(lOO) at 170K, e = 1.35. 6 
max 
The differences in the behaviour of the mefals to-
wards H2 will now be discussed s.f.l:¢3: .in·;_,_Tables 5 .' 2 to 5. 4, · we list 
LEED results and structural inferences from vibrational data for 
0'1 
r--1 
r--1 
TABLE 5.1 Isosteric heats of adsorption of hydrogen on Group VIII metal surfaces 
I 
Isosteric 
Sample 
heat of H2 Method 
adsorption 
kJ/rrol 
Pd Film 92 ± 4 surface potential rreasurements 
Pd (110) 102 tlljl versus e rreasurements 
Pd (100) 103 II II II II 
Pd (111) 87 II II II II 
Drifjhout Pd black 65 ± 10 volumetric studies 
iPd on active C 90 ± 5 II II 
Pd on active C, type-C 36.4 'n' II 
chemisorption 
~eat of fonnation·of a-PdH 24 II II 
rt black )weak chemi- 42 temperature programmed desorption 
ft/Si02 
) sorption 
) 
pt/Al2o3 )strong c~emi- 96 II II 
sorpt1on 
Ni (111) 97 tlljl versus e rreasurernents 
Ni (110) 82 to 90 II II II 
---- ---- - -- - ----
e = surface coverage of H atoms, in monolayers 
tlljl = work function change on hydrogen adsorption. 
II 
-II 
Note 
~onstant up to e = ca 0.5 
~onstant up to e = ca 0.9 
~onstant up to e = ca 0. 5 
~ ,;, 1. 34 
reference 
41 
23 
6 
' 23 
20 
20 
19 
18 
5 
5 
5 
1 
1 
0 
N 
r-i 
TABLE S.l Structural data for hydrogen chemisorbed on nickel 
Surface syrrmet:ry of Method Temperature, K Coverage, 8 , Reference 
adsorption site mono layers 
Raney Ni c3v INS ? 0 o 4 I 1.0 data obtained by 
7 
re-assigned byB 
Raney Ni c3v INS ~ 150 0.3 to 1.0 9 
Ni (111) c3v LEED - 10 
Ni (111) c3v EELS 170 - 11 
Ni ( 111) c3v pseudopotential calculations - 1.0 12 
Ni (100) (disordered) LEED 13 
Ni (100) c4v EELS 200 0.9 14 
Ni (110) c2v' or He diffraction 100 l.Oa 15 
c4v if surface 
' 
reconstructs on 
adsorption 
--·-- -- -------- -- -- - -
Note: (a) Interpretation15 of results based on Demuth, J.E., J.Coll. Interface Sci., 58, 
184, 1977. 
--
121 
TABLE 5.3 LEED results for hydrogen chemisorbed on 
palladium single crystal planes 
Pd(lCO) Pd(llO) Pd(l11) Pd(S) -f9 (111) x(l11) 1 
(lxl) No extra spots 
LEED pattern ordered c ( 2x2) (lx2) but I/V curve -
changed 
3-.ruua.::try of pro-
see see posed surface c4v footnote (a) c3v footnote (b) 
site 
8 , rronolayers 0.3 - 0.6 < 1.0 < 1.0 < 1.0 
t.1ji (max) , ev + 0.20 + 0.36 + 0.18 + 0.23 
terrperature,K ca 60-250 308-398 308-398 -
'reference 6 23 23 23 
8 = surface coverage of Hatoms 
t.1ji (max) = maximum work function change on hydrogen adsorption 
Notes 
(a) Since the absolute surface coverage was unknown, no model 
was proposed for the (110) surface site. It was likely 
that there was more than one H atom per unit surface mesh. 
(b) The variation of isosteric enthalpy of adsorption with 
coverage 8 indicated preferential adsorption at steps at low 8. 
TABLE 5.4 LEED results for hydrogen chemisorbed on platinum 
single crystal planes 
Pt(lCO) Pt(lll) Pt(S) - Pt(S) -L6_ilU)x_(lCOLl f9 (111) X (111) 1 
LEED pattern (2x2) (lxl) see (2 X 2) footnote (a) 
~ymrretry of pro-
p:>sed surface - c3v - -~ite 
8, monolayers - ca 1.0 - -
temperature, K 873-1273b 110-150 873-1273b 873-1273b 
reference 49 50 49 49 
Notes 
(a) Disordered adsorption occurred on the terraces but ordered 
adsorption at the steps. 
(b) Christmann and Ertl have since shown that H2 is adsorbed 
rapidly on any clean surface of Pt even at ambient temper-
atures [50,51]. 
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hydrogen chemisorbed on Ni, Pd and Pt. For all three metals, 
the p~incipal adsorption sites include those of highest possible 
symmetry on a given crystal plane, e.g. c 3v on the (111) planes, 
c4v on the (100). In the case of Ni these are the only occupied 
sites - only one type of surface species forms on a given crystal 
. 7-15 plane and there is no strong evidence for on-top s1tes. 
Pd behaves as Ni, but only for coverages of less than one 
monolayer. At higher coverages, the present INS data indicate 
that sites of lower symmetry, and more than one type of site, 
are occupied and that the higher symmetry sites are vacated. 
This is discussed below (Sections 5 • 3 I 5.4.4). 
The major surface species at high coverages of H on Pt 
are the high symmetry sites but at low coverages the adsorption 
preferentially at on-top sites. 5 Unlike Ni and Pd, occurs 
both these types of site may be filled simultaneously. Again 
unlike Ni and Pd, the formation of the high symmetry species 
on Pt is activated, albeit slightly. The activation energy 
for adsorption of H at the 3-fold sites of Pt(lll) has been 
-1 5 -1 16 
measured variously as 21±8 kJ mol and 40 kJ mol . 
An explanation of the different behaviour of each metal 
is provided by UPS studies of H chemisorbed on the (111) planes 
of Ni, Pd and Pt which revealed differences in the electronic 
d "1 f b d" 17 eta1 s o on 1ng. 
It was shown that for Pd and Pt, in common with most other 
transition metals, the bonding to the H adatom was primarily 
through the d-band electrons, whereas for Ni the d-band inter~ 
action was very weak and the bonding was through the s-band. 
This difference between the metals was rationalised by consid-
ering: 
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1. the greater polarisability of the 4d and 5d atomic 
orbitals (a.o. 's) compared to 3d; 
2. the greater difference in polarisability between 4s a.o. 's 
and 3d a.o. 's than exists between 5s and 4d or 6s and 5d 
a.o.'s. The trends in polarisability of the a.o. 's are 
reflected in the corresponding band widths in the bulk metal; 
3. energy band calculations show that Ni has a greater number 
of s-electrons per atom in the valence band (Ni: 0.55-0.62; 
. 17 Pd : 0 . 31 ; Pt : c a 0 . 4 2 ) . 
5.1.2 The sorption of hydrogen by palladium 
Unlike Ni and Pt, absorption of H2 into the bulk 
of Pd occurs readily and extensively, stoichiometries up to 
PdH0 _7 are achieved by direct reaction under moderate conditions.
18 
18 There are two phases in the absorbed hydrogen/palladium system; 
a phase diagram is shoWn in Fig.5.1. The hydrogen atoms occupy 
18 
octahedral interstices in both phases. 
Turning now to surface phenomena, we note that 
there are two types of chemisorption of H2 on Pd:
19 
1. a strong, dissociative chemisorption with an isosteric 
2. 
enthalpy of adsorptipn, q. , which is slightly plane de-lSO 
pendent, e.g. 102 kJ mole-l for Pd (110), see Table 5.1; 
a weak, "type-C", chemisorption for which q. is 36.4 kJ lSO 
mole-lata total coverage of 8 = 1.34. 19 This weak 
chemisorption occurs only after one strongly chemsorbed 
monolayer has been formed. The type-C hydrogen is said 
to be in dynamic equilibrium with, and a precursor of, 
interstitial hydrogen. 19 It is desorbed with kinetics 
of first order in surface coverage and so is probably atomic 
19 19 hydrogen. According to Lynch and Flanagan it may be 
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Figure 5.1 A phase diagram of the pure palladium/adsorbed 
hydrogen system, after ref. 18. 
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held at a surface bridging site or, according to 
20 Konvalinka and Scholten , just below the surface in 
octahedral holes. 
5.1.3 The sorption of hydrogen by palladium black 
supplied by Drijfhout, Amsterdam 
A sample of Pd black supplied by Drijfhout, Amsterdam, 
20 has been reported as adsorbing H2 to a maximum of one monolayer. 
Only the strongly chemisorbed H is present on the surface, type-C 
H and absorbed H being absent. ESCA analysis of the surface 
of this Pd sample has shown the presence of Zn (5 to 10 atom %) 
and Pb (3 atom%) contaminants. 20 This material's unusual 
adsorption properties, which include the lowering of the·~_enthalpy 
-1 
of adsorption q. · to ca 65 kJ mole (Table 5.1), are probably 
lSO 
due to the electropositive surface impurities. These impurities 
will have two effects: 
1. they will raise the d-electron density at the surface; 
2. the energy of an H atom dissolved in the bulk of a metal 
can be described as the sum of a Coulombic term and an 
elastic term. 21 The elastic term arises from the coherent 
expansion of the lattice necessary to accommodate the inter-
stitial atoms. This term must be of a significant value 
in the case of Pd for the following reasons. 
On the first exposure of a Pd sample to H2 , X-ray line 
b d . 2 2 h h 1 . ht f t . t t . . roa en1ng as s own a s 1g sur ace recons 1 u 1on 1n 
favour of the (111) plane and LEED23 a small expansion of 
the lattice of 2% between the surface and inner (111) planes. 
It is also known that the first time a Pd sample is exposed 
to H2 it will absorb a different quantity of H2 than it will 
on all subsequent occasions. 18 It is proposed here that 
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the effect of the surface impurities is to render the 
elastic term unfavourable to the formation of interstitial 
or type-C H on the Drijfhout sample. 
The Drijfhout Pd black is therefore suited for the study 
of strongly chemisorbed hydrogen without interference from 
type-C or adsorbed hydrogen. The nature of the adsorbed 
hydrogen may be obtained from the number and the intensities 
of the bands in its INS spectrum. In view of this and the 
success of INS in obtaining the vibrational spectra of H chemi-
24-26 
sorbed on pure metal blacks, we have obtained the INS 
spectra of hydrogen adsorbed by Drijfhout Pd black. 
Although we have achieved hydrogen uptakes in excess of 
one monolayer on Drijfhout Pd black, our INS spectra indicate 
that type-C and interstitial hydrogen were not formed (Section 5.3). 
5.1.4 The rationale of the assignment scheme used for the 
INS spectra of hydrogen adsorbed by Drijfhout palla-
dium black 
Our assignment of the INS spectra of the Drijfhout 
Pd/H2 system (Section 5.3) is based upon a comparison with the 
vibrational spectra of transition metal hydridocarbonyl com-
pounds. 
The validity of using transition metal cluster com-
pounds, as models for metal surface-adsorbate systems has re-
ceived much discussion in the literature. 27 - 30 In general, even 
the largest cluster compounds (34 metal atoms) do not resemble 
bulk metals in the electronic details of their bonding. However, 
the local environment of a given ligand and its nearest metal 
atoms in a cluster complex can provide reasonable estimates of 
the likely stoichiometry, orientation, bond order, length, and 
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angle of a similar species adsorbed at a metal surface. 28 
We shall use the vibrational spectra of transition metal hydride-
carbonyl complexes to predict the likely vibrational frequencies 
of hydrogen adsorbed at various sites (Section 5.3). The 
spectra of the hydridocarbonyls were obtained by INS techniques, 8 
and the frequencies of those normal modes involving significant 
m~tion of the hydride ligand are summarised in Fig. 5.2. 
Our evidence (Section 5.3) indicates that the only occupied 
multiply bonded surface sites on Drijfhout Pd black, at e > l, 
have c2v symmetry. The normal modes of vi_br;-ati<:n of ( l-1 2-H) M2 
hydridocarbonyls, used as models for these sites, are drawn 
in Fig. 5.3, (M denotes a transition metal atom). Only modes . 
l, 2 and 3 are relevant to this work. The "1)1-M stretch" of 
the hydridocarbonyls corresponds, in the case of metal surfaces, 
to (1) lattice modes of the bulk metal; (2) surface phonons of 
the metal perturbed by the adsorbed H atom and (3) unperturbed 
surface phonons of the metal. 
A weakness of the hydridocarbonyl/surface comparison is 
the lack of data for the (lJ 4-H)M4 species, which have yet to be 
synthesised. Although hydrogen aQsorbed in transition metal 
hydrides has been used as a model for H chemisorbed at :4-fold 
sites, 31 the bonding in such hydrides cannot be the same as that 
found at metal surfaces. For interstitial hydrogen at tetra-
-a hedral sites -it is known that v .. a.·:r. where a is a constant, 
sym - . 
32 
and r is the M-H bond length. Such a relationship has not 
been reported to apply to chemisorption and is not applied to 
the present data. 
00 
N 
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Fig. 5.2 Range of characteristic features in the vibrational spectra of transition 
metal hydridocarbonyls and rare earth hydrides (0 to 2300 cm-1 ). 
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Fig. 5.3 The normal modes of vibra~ion of 9J 2-H)M2 
hydridocarbonyl compounds. M denotes a transition 
1) 
metal atom. 
t 
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The box drawn around theM atoms signifies deformation of 
the M-CO skeleton. Only modes 1,2 and 3 have analogs for H 
adsorbed at a site of C2v symmetry on a metal surface. 
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The effect of the carbonyl ligands in hydridocarbonyl 
complexes on the dynamics of the hydride ligand is not well 
understood. However, Kelly31 has produced tentative evidence 
that the frequencies of the H atom in these complexes are not 
greatly perturbed from those expected for H bound at surface 
sites of appropriate geometry. Indeed co-adsorption of 0.25 
rnonolayers of CO with a hydrogen monolayer on Raney Ni at 77K 
showed that "a substantial fraction of adsorbed hydrogen was 
neither displaced nor vibrationally perturbed by C0". 31 
5.2 Experimental 
5.2.1 Sample preparation 
The samples consisted of ca.56g of Pd black (97.9%) 
obtained from H. Drijfhout, Amsterdam. The hydrogen was 
99.995% pure and supplied by Masonlite, Chatham, Kent. Clean-
ing of the Pd was achieved by heating in an H2 atmosphere to 
473K followed by evacuation with a diffusion pump to less than 
-6 3 x 10 torr at that temperature. Small aliquots of H2 
-6 (5 x 10 torr) were exposed to the Pd sample, which was kept 
open to the pumps, until the addition of H2 caused no increase 
in the partial pressure of H2o. It was then concluded that 
the Pd was free of surface oxygen. The amount of H2o was 
monitored with a quadrupole mass spectrometer (Vacuum Generators 
QX200) which also showed that the sample handling part of the 
vacuum system was entirely free of pump oil. The major corn-
ponents of the residual gas during the preparation were CO, 
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5.2.2 INS experiments 
The INS spectra of Drijfhout Pd+H2 were obtained 
on two b.f.d. spectrometers, INIB and the DIDO b.f.d. The 
1 tt d t · th 1 f 97 to 334 cm-l a er was use o exam1ne e ow requency range 
not covered by INIB. All the spectra were recorded at 77K. 
(a) The adsorption of hydrogen by the Drijfhout palladium 
black samples used for the INIB spectra 
Two successive adsorptions of hydrogen were carried out 
at 293K on the same sample of Drijfhout Pd black, referred to 
as sample 1(56.0g). 3 The first adsorption (91 em H2NTP) was 
achieved by maintaining a pressure of hydrogen above the sample 
of ca lO torr (9.6 torr maximum) until the required uptake of 
hydrogen had occurred. The second adsorption (122 cm3 total 
H2 NTP) was performed by exposing the sample to a known volume 
containing hydrogen at 95 torr (293K). 
The B.E.T. surface area of the Pd black prior to the 
20 2 
cleaning treatment has been reported as 6m /g and the number 
33 19 -2 
of Pd atoms at the surface of Pd blacks as 1.2 x 10 m . 
Assuming no sintering occurred, the surface coverages (6) for 
the INIB experiment (sample 1) are 1.2 and 1.7 monolayers. We 
discuss the fact that 6 is greater than unity in Section 5.3.4 
below. 
(b) The adsorption of hydrogen by the Drijfhout pall~dium 
black samples used for the DIDO b.f.d. spectra 
The INS spectra of two coverages of hydrogen on each of 
two samples of Drijfhout Pd black, referred to as samples 3 and 
4, were obtained using the DIDO b.f.d. spectromete~. Both Pd 
samples were prepared as above (Section 5.2.1) and dosed with 
hydrogen in the following way. The required uptake of hydrogen 
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was achieved by repeatedly exposing the Pd, held at 77K, 
to a known volume of hydrogen (ca 10 torr measured at 293K}, 
the H2 reservoir being isolated from the sample and refilled 
before adding each successive dose. The amounts of hydrogen 
sorbed by sample 2 (56.4g Pd} were 56cm3 NTP and 191 cm3 total 
(NTP}, and by sample 3" (55.5g Pd} were 131 cm3 NTP and 238 cm3 
total (NTP} . The final overpressure of H2 in each adsorption 
at 77K was ~ 0.75 torr. Thus at 77K the surface coverages 
for sample 2 are 0.8 and 2.8 monolayers; and for sample 3, 1.8 
and 3.2 monolayers. N th 1 t . t' t' 34 o erma ransp1ra 10n correc 1ons 
have been made to these figures which are therefore slight 
underestimates of the true H2 uptake. The higher coverages 
exceed the maximum value of e = 1.0 reported to be possible for 
hydrogen adsorption on Drijfhout Pd black by Konvalinka and 
Scholten. 20 This discrepancy is discussed in Section 5.3.4 
where we argue that the hydrogen is either strongly chemisorbed 
or physisorbed on samples 2 and 3, at 77K, absorption and weak 
chemisorption not having occurred. 
During the transfer of the samples to the b.f.d spectrometer 
after the adsorptions, the samples will have returned to room 
temperature for about one hour. 
5.3 Results 
5.3.1 Introduction 
The INS spectra of the Drijghout Pd/H2 system ob-
tained on INIB are shown in Figs. 5.4 and 5.5 and the transition 
frequencies summarised in Table 5.5. We will assign the INS 
spectra of the adsorbed species by comparing these data with the 
vibrational spectra of transition metal hydridocarbonyls and 
from the observed changes in intensity of the INS bands with 
surface coverage. 
Fig. 5.4 Beryllium filter detector (INlB) spectrum of Drijfnout Pd black plus adsorbed 
r0 
r0 ~ hydrogen, 1.2 monolayers coverage, 77K. The symbols + and o indica~e data 
collected on the Cu(200) and Cu(2ZO) monocnrornaLor planes respec~ively. 
(./) 2400 
~ 2200 § 2000 
~ 1800 
~ 1600 
6 1400 ~ 0 ..-tD 
:L 
0 1200 
s 1000 
0:: 800 l w If) en Q_ 600 ~ 
(./) 
400 I-
z 
;::::) 200 0 
u 0 
400 600 800 1000 1200 1400 1600 1800 2000 2200 
INCI~EiiT NEUTRON ENERGY, cm-l 
'<:1' 
r'l 
.-1 
Fig. 5.5 Beryllium filter detector (INlB) spectrum of Drijfnout Pd black plus adsorbed 
hydrogen, 1.7 monolayers coverage, 77K. The symbols + and o indicate da~a 
collected on the Cu(200) and Cu(220) monochromator planes respec~ively. 
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TABLE 5.5 Summary of the assignments of the INIB spectra (77K) of hydrogen 
adsorbed on Drijfhout Pd black (cm-1 ) 
Unassigned Pd (100) Pd (111) 
1.2 monolayer::? 1.7 monolayers 1. 2 rronolayers 1.7 monolayers 1.2 monolayers 1.7 rronolayers 
fig.5.4 fig.5.5 fig.5.4 fig.5.5 fig.5.4 fig.5.5 
495 495 
610 618 
724 740 
790 815 
973 941 
1225w 
ca.l600s~.b ca.l600s~.b ca.l600s~.b ca.l600s~.b 
ca.2200 to ca.2200 to ca.2200 to ca.2200 to 
2300 2300 2300 2300 
-~- ---
b = broad; s = strong; w = weak. 
Assignment 
? 
bending rrodes 
of ( )11-H) Pd 
v sym ( ll2 -H) Pd2 
v sym ( ll2 -H) Pd2 
bending modes 
of (].11-H)Pd 
overtone (2x618) 
vas ()l2-H)Pd2 
stretching mode 
of (Jl l -H) Pd 
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Since neither pure Zn nor pure Pb adsorb hydrogen1 we 
are very unlikely to observe bands due to Zn-H or Pb-H species. 
Our data will therefore be interpreted solely in terms of 
surface palladium-hydrogen species. In addition, since the 
incoherent cross section of both 12c and 16o are zero, there 
will be no bands due to incoherent scattering from carbonaceous 
groups such as Pd-CO. Nor will such species give rise to 
coherent scattering, which can occur in incoherent INS spectra 
such as Figs.5.4-5.ll under certain conditions, according to 
51 Bredov. The concentration of surface contaminants is un-
known but most likely to be too low to give strong bands from 
coherent scattering. Also, the formation of ordered surface 
layers of impurities of sufficient area to cause detectable 
coherent scattering is unlikely on our samples. 
The possibility that we have observed transitions due to 
adsorbed H2o in the spectra of adsorbed hydro~en (Figs.5.4,5.5) 
is discounted for reasons given below (Section 5.3.2(a)). 
5.3.2 INIB spectra of hydrogen adsorbed by Drijfhout Pd black 
(a) The 1600 cm-l band 
The INIB spectra (Figs. 5.4, 5.5) show an intense broad 
band centred at ca 1600 cm-l which indicates that the major sur-
/H' 
face species are of the Pd Pd bridge type, since the INS 
spectra of (~ 2 -H)M2 hydridocarbonyls show a strong band in the 
1470-1670 cm-l region, assigned to the asymmetric stretch of 
H 
the M;/ "M moiety (Fig. 5.2). 
There is little structure in the 1050~1250 cm~1 region, 
where from (~ 3 -H)M3 hydridocarbonyl data the va and vs modes of 
H at a 3-fold surface site would be expected. 
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The evidence, therefore, is for the predominance of H at 
2-fold surface sites. Only three normal modes are expected 
from such species (Fig. 5.3) and so the complexity of the spectra 
suggest that at least two distinct 2-fold sites are available. 
In accord with this, the large observed full-width at half 
-1 
maximum (FWHM) of the 1600 em band suggests that this band may 
arise from more than one unresolved transition. The instrumental 
resolution (~E/E) at 1600 cm-l is of the order of 15% (i.e. 240 cm-1 ) 
whereas the FWHM of the 1600 cm:-1 band for the second coverage 
of H on sample 1 (Fig.5.5) is 470 cm-l Removing the instrumental 
contribution to the observed band width, one obtains a FWHM of 
In the case of an 
adsorbed atomic species, the non-instrumental contributions to 
the band width are: 
(1) the collisional broadening from the momentum transfer ~Q 
during the scattering event. 
0_1 
A on INIB: 
-1 At 1600 em , Q = 8.7 
(2) the potential energy well in which the H atom resides 
moving with the metal lattice vibrations. 
We feel that (1) will be the dominant contribution to the band 
width. However, experience of the beryllium filter spectra of 
a wide range of materials 35 indicates that a band width of 
400 cm-l is too large to have arisen from a single normal vib-
ration of a unique species. As a first approximation, we con-
-1 
sider that the 1600 em band comprises the unresolved trans-
itions of two similar species of similar surface concentration 
undergoing the same normal vibration. Two Gaussians were fitted 
-1 . 
to the 1600 em band with the constraint that the peak heights 
and FWHM were, approximately, equal. For sample 1 the peak 
maxima arose at -
lower coverage 
band maxima, 
1522 
1627 
-1 
em FWHM, -1 em 
370 
350 
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higher coverage 
band maxima, 
1492 
1658 
-1 
em FWHM, 
260 
240 
-1 
em 
We consider, therefore, that the 1600 cm-l band arises from 
/H'-
the unresolved v vibrations of Pd Pd species at two distinct 
a 
surface sites. For reasons explained below (Section 5.3.2(b)), 
these sites are most probably on the (111) and (100) crystal 
planes. 
36 Horiuti and Toya have predicted that the band width 
of s-type chemisorbed H (embedded between the electronic surface 
of the metal and the outermost layer of metal atoms) is of the 
-1 
order of 100 em , while that of r-type H (at conventional on-top 
sites above the electronic surface) is ~20 cm-1 . Although the 
s-type H is said to have only one quantised vibration relative 
to the surface (i.e. normal to it) and so is not an accurate 
description of the observed (~ 2 - H)Pd2 species, the band widths 
of the present INS spectra (Figs. 5.4, 5.5) provide some support 
for the theoretical calculations. 
-1 37 The v 0 mode of water occurs at 1595 em Thus a 
possible contribution to the 1600 cm-l band is from surface H2o 
formed either from reaction of H2 with unremoved surface oxygen 
or co-adsorbed with the hydrogen. Both origins are experiment-
ally unlikely, indeed a Pd+H sample exposed to the atmosphere, 
which would bear considerably more surface H2o than the unex-
posed samples, gave only a weak and unstructured INS spectrum 
(Fig. 5.6). The presence of surface H2o on the present samples 
is therefore ruled out. 
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Fig. 5.6 Beryllium f1lter detec~or (INlB) spectrum of DrlJfhou~ Pd black plus H20 a~ ??K. 
A background spec-crum of Pd black has been sub"tracted. The symbols x and + indica"te 
d.a~a collec"ted us1ng "the Cu(200) and Cu(220) monocnroma"tor planes respeC"'tlvely. 
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(b) ~1 -1 The 618 em and 941 em bands 
On normalising the spectra obtained at high and low 
-1 
coverage on sample 1 to the area under the 1600 em band, 
-1 the approximate change in intensity, relative to the 1600 em 
band, of each band with surface coverage, was determined. The 
band at 1600 cm-l was chosen for the normalisation because its 
large intensity and separation from other bands allowed for 
accurate determination of its area. Choosing any other band 
which appeared in both spectra would have given the same in-
formation but the estimation of band area would have been more 
difficult and less accurate. The normalised spectra are shown 
in Fig.5.7. Changes in the intensities of the other bands are 
discussed below. 
J 
-1 The band at 618 em shows a greater increase in intensity 
on increasing coverage 8 than any ·other band (Fig. 5.7) and so 
cannot be due to the previously assigned 2-fold bridging sites. 
By comparison with the hydridocarbonyl data (Fig. 5.2), it is 
assigned to·the degenerate bending modes of a terminal Pd-H 
-1 
species. The very weak band at 1225 em only observed at 
the higher surface coverage (Fig. 5.7), may then be assigned to 
the first overtone of the 618 cm-l band (2 x 618 cm-l = 1236 cm-1 ). 
. -1 
The band at 941 em shows an apparent change in wavenumber 
with increasing coverage but this is difficult to quantify since 
it sits on a strongly sloping baseline (Fig. 5.7). Because 
this band does not increase in intensity as much as the 1600 cm-l 
band, it is tentatively assigned to the bending modes of H term-
inally bound at a site which reached saturation coverage below 
the pressure used in the higher coverage experiment. 
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The crystal planes exposed at the surface of Pt and Pd 
38 blacks are those which are most densely packed. The surfaces 
of Pd crystallites supported on active carbon comprise the 
38 following crystal planes: 
Pd (111) 70% 
Pd (100) 25% 
Pd (110) 5% 
We assume that the present Pd black has a similar distribution 
of surface planes, and to decide whether the adsorption sites on 
one particular plane will be filled in preference to the sites 
on another, we note the following: 
1. The numerical values of the heat of desorption and (isosteric) 
h t f d t · f · f H · close. 21 ea o a sorp 10n or a g1ven sur ace- spec1es are very 
The activation energies of H adsorption on single crystal sur-
6 13 19 23 faces and on bulk samples of Pd are zero or extremely low. ' ' ' 
2. Hydrogen/deuterium exchange experiments 3 on Pd film indicate 
mobile dissociative adsorption at 77K. It is likely that the H 
adsorbed on the Drijfhout Pd black was mobile under the experi-
mental conditions used~ and thus: 
3. The relative population of H on each crystal plane will 
depend on the available area of the plane and on the free energy 
change on adsorption. 
4. We now estimate how the free energy of adsorption, ~G, varies 
between the crYstal planes exposed at the Drijfhout Pd black 
surface. The appropriate enthalpy term, 6H, is given by the 
isosteric heat of adsorption, qiso' which includes the heat of 
adsorption of the H2 molecule and the heat associated with the 
necessary rehybridisation of the orbitals of the metal surface 
atoms: ~H = -q. . lSO The values of q. extrapolated to zero lSO 
coverage are listed in Table 5.1; on low index crystal planes 
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of Pd they are constant to one half monolayer coverage and we 
must assume that the differences between these planes is main-
tained at coverages of greater than one monolayer. It must 
also be assumed that the surface contaminants on the Drijfhout 
Pd black affect these heats equally on each crystal plane. 
The differential entropy of adsorption, ~S, at a constant 
pressure p is given by~ 4 
~s = RlnP/ o p 
where T = temperature, R 0 = gas constant, p = standard pressure 
chosen for the gas phase. 
6 Ertl et aZ have reported that the maximum value of ~S 
-1 -1 for Pd(l00)/H2 is -295 Jk (mole H2 ) at a coverage of one 
0 -8 
monolayer and for p = 10 torr. S~ ~t, say, 77K and 50 torr, 
we have 
T~S = -77 (295 + 8.314 ln (5 x 109 )) J.mol-l 
T~S = -37.0 -1 ~J.mol 
The absolute value of q. for the Pd(l00)/H2 system is re-lSO 
6 ported to fall rapidly as the coverage is increased above 0.9 
-1 
monolayers, the smallest value measured being -77.4 kJ mole 
at 8 = 1.25. So at 77K arid for 8>1, we have 
~H < T~S < 0 
~G < 0 
The difference between the qiso (8=0) for adsorption on 
various crystal planes of Pd is less than the likely T~S terms. 
If the trend in T~S with 8 for each crystal plane follows the 
trend in q, then the surface sites will 9e occupied in order of 
decreasing adsorption enthalpy. 
Given the above assumptions, we conclude that at 8>1 on the 
Drijfhout Pd black, the (100) sites will fill preferentially to 
the (111) sites although they are less numerous. 
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In view of the thermodynamic predictions above and the 
change in their intensities with hydrogen dosage, the bands 
-1 
at 618 and 941 em are assigned to vibrations parallel to 
the surface of on-top, Pd-H species on the (111) and (100) planes 
respectively. On these planes the modes are doubly degenerate; 
the perpendicular vibrations are expected in the region 2000-2250cm-l 
Both spectra (Figs. 5.4, 5.5) of sample 1 do show a small in-
crease in scattered neutron intensity in the region of 2200 cm-l 
but the spectra were not recorded at higher frequencies and the 
level of background scattering is not well defined. This in-
tensity does however suggest the existence of perpendicular modes 
of terminally bound hydrogen in this region. 
(c) The remaining bands 
The 740 cm-l band intensity is essentially unchanged on 
increasing coverage, the small difference being due to the large 
h · th · hb · 618 -l b d The band at 790 cm-l c ange 1n e ne1g our1ng em an . 
shows a small increase in intensity. By comparison with the 
hydridocarbonyl data, both these bands are assigned to the sym-
metric stretch of two different (~ 2 -H)Pd2 species. Again, since 
the sites on the (100) planes are expected to approach saturation 
first, the 740 cm-l band is assigned to adsorption on the (100) 
-1 plane and the 790 em on the (111) plane. 
-1 The intensity of the band at 495 em remains almost con-
stant with coverage and is difficult to correlate with adsorption 
at on-top, 2-fold or 3-fold sites. Neither can this band arise 
from absorbed or type-C hydrogen. The vibrations of a and B Pd 
hydrides have been reported at 552 and 460 cm-1 respectively, using 
INs. 26 Under the conditions used in the H2 adsorptions on sample 
. 1 (Section 5.2.2(a)), only the a-hydride phase, and not the B, is 
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formed in pure Pd blacks. 39 If the a-hydride was present 
then we would expect a band to arise at ca 550 crn-l with a 
markedly increased intensity at the high coverage. Such be-
haviour was not observed (Fig.5.7). Type-C hydrogen is re-
ported as being in dynamic equilibrium with the interstitial 
hydrides, 19 and therefore must also be absent from these samples. 
We are consequently unable to suggest an assignment for the 
transition at 495 crn-1 . 
5.3.3 The DIDO b.f.d. spectra of hydrogen adsorbed 
on Driifhout palladium black 
The spectra of the Drijfhout Pd black after sample 
preparation (samples 2 and 3) but before H2 adsorption are shown 
in Figs. 5.8a, 5.9a and summarised in Table 5.6. Both spectra 
show bands at 128, 158, 193, 244 and 306 crn-l which we assign 
to lattice modes. The density of states of pure Pd has been 
calculated40 to contain two broad bands centred between 110-140 
-1 -1 26 
ern and 187-202 ern , and INS from a pure Pd+H system has 
observed two lattice modes at 129±5 and 194±7 -1 ern . The band 
-1 
at 306 ern in our spectra (Figs. 5.8a, 5.9b) has not previously 
been reported and may be related to the Zn and Pb contaminants. 
Two coverages of hydrogen were obtained on samples 
2 and 3, the spectra are presented in Figs. 5.8b,c; 5.9b,c and 
listed in Table 5.6. These data suffer from a very poor signal 
to noise ratio and no additional bands appear in the spectra of 
either sample on increasing the hydrogen coverage. We will 
therefore discuss the results with reference to the spectrum of 
the second.coverage of hydrogen on sample 3 (Fig. 5.9c, saturation 
coverage, see Section 5.2.2(b)) which shows the best statistics. 
Above 400 crn-l (Fig. 5.9c), a band was seen at 477 crn-l and broad 
\,() 
""' r-i 
Figs. 5.8 Beryllium-~ilter detector (DIDO b.f.d.) spectra (77K) of Drijfhout Pd black,sample 2. 
Fig. 5.8a Spectrum of pd black sample 2 after pretreatment .(no background subtracted). 
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TABLE 5.6 Summary of the assignments· of the DIDO b.f.d. spectra (77K) of hydrogen 
. -1 
adsorbed on Drifjhout Pd black (em ) 
' 
.... ,..>!'>· 
sample 2 sample 3 sample 
a . saturation a Pd background 0.8 saturation Pd background 1.8 coverage of hydrogen, rronolayers 
fig.5.8a fig.5.8b fig.5.8c fig.5.9a fig.5.9b fig.5.9c 
assignment 
ca.94s,b ca.93s,b 
·128m ca.l24s,b 128 m 12ls,b ) 
158 m 158 m ) ) I 
193 m ~ 193 m ) lattice modes 
242 m ca.251 m ca.295 m 242 m 260vw ) ) 
306 m 306 w ca.300? 308m ) 
(345) (343) instrument artifactb 
35lvw 
402 m 407 m 
431 m 
475 s 475 s 474 s 477 s 
497 m 518 m 
596 s 594 s 
632 s ca.562 s 621 vs bending mode (~ 1-H)Pd 
718w 718w 
aa.800vs ca.800vs 767vs 767vs unresolved v sym rrodes of 
(~ 2-H)Pd2 on various crystal 
planes 
b = broad; m = medium; s = strong; v = very; w = weak. 
(a) The sample can contained sufficient hydrogen to saturate the surface with adsorbed hydrogen (see Section 5.2.2.2) 
(b) This feature arises fran a double Bragg reflection fran the Al rronochranator (see Chapter 3). 
f-' 
lJl 
N 
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features centred at 620 and ca 780 crn-1 , corresponding to bands 
-1 
at 495, 618 and 740 and 815 ern observed using !NIB (Fig. 5.5), 
the latter two banqs being unresolved by the DIDO b.f.d. spectre-
meter. 
-1 The 495 ern band was not assigned in the !NIB spectra. 
Again, because the corresponding ca 477 crn-l band in the DIDO 
b.f.d. spectra (Figs. 5.8, 5.9) shows no large gain in relative 
intensity on increasing the coverage 8, we reject the possibility 
that it is due to an interstitial hydride. or type-C hydrogen. 
In accord with this, the absorption of H2 by (pure) Pd is an 
activated process and occurs to a negligible extent at 77K. 18 
Nor does the 477 crn-l band correlate with bands expected from 
surface hydrogen (Section 5.3.2) and it remains unassigned. 
-1 Below 400 ... ern , a band is observed in the spectrum of 
sample 3, second.coverage of hydrogen (Fig. 5.9c), at 295 crn-l 
and a broad band at 124 crn-l which are both assigned to un-
resolved lattice modes of the Drijfhout Pd. 
In summary, the DIDO BFD spectra confirm the frequencies 
of modes observed using INIB'in the common range of the spectre-
meters and show bands in the density of states of the Drijfhout 
-1 Pd in the range 128 to 306 ern . 
The most important feature of the DIDO BFD spectra is the 
absence of bands ascribable to adsorbed hydrogen in the region 
-1 260 to 477 ern , the lowest frequency band observed using !NIB. 
No bands, therefore, are observed due to the bending modes of 
H at two-fold sites. This may be because these vibrations are 
unresolved from lattice modes, or because they have low relative 
intensities. 
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5. 3. 4 Corrunents on the sorption of· hydrogen in excess of 
one monolayer by Dri i fhout palladi:urn: bla·ck · 
We have obtained surface coverages of hydrogen in 
excess of one monolayer on Drijfhout Pd black (Sections 5.2.2(a) (b)), 
despite the observation of Konvalinka and Scholten20 that the 
uptake stops after the formation of one strongly held monolayer. 
20 The maximum pressure used by these authors was 2.25 torr H2 
at 233 K and the additional uptake by our samples must be due 
to the greater pressures and in the case of the DIDO b.f.d. ex-
periments, the lower temperature (77K) used in our adsorption 
experiments (Section 5.2). 
That INS is a very sensitive method of detecting absorbed 
26 -2 hydrogen is shown by the reported b.f.d. spectrum of 10 torr 
H2 sorbed at 358K by pure Pd black. This sample contained a 
very low concentration of interstitial hydrogen, corresponding 
-3 to PdH, n<lO , and yet the spectrum (Fig. 5.10a), clearly shows 
n 
bands due to the ~~dH and S-PdH hydrides. 26 The absence of 
bands assignable to interstitial hydrogen in our INS spectra of 
Drijfhout Pd+H (Sections 5.3.2(c), 5.3.3) is therefore strong 
evidence that H2 absorption did not occur. Type-C hydrogen, 
which is reported19 to be fonned in dynamic equilibrium with absorbed 
hydrogen, must also have been absent from our samples. 
Thus all the hydrogen sorbed by sample 1 (INIB experiments) 
is likely to have been strongly chemisorbed, with the possible 
-1 
exception of the species causing the unassigned 495 em band. 
The saturation coverage of H chemisorbed on a variety of 
Group VIII metal surfaces lies in the range 1.0<6~2.0 (Section 
5.1.1). Thus the surfaces of samples 2 and 3 in the higher 
coverage experiments (6=2.8 and 3.2 respectively) on the DIDO 
Fig. 5.10a Beryllium f"il ter detector spectrum of Pd black 
with hydrogen adsorbed at 10-2 torr, taken from 
ref. 26. 
50 150 • 200 250 
Incident Neutron EnergyjmeV 
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Fig. 5.10b T.o.f. spectrum of Pd black with hydrogen adsorbed 
at 10 torr, taken from ref. 26. 
LXOI rrooo ot ci·r 
0 1250 
1.0 
L{) 
.-l 
TABLE 5.7 Proposed reassignments of the INS spectrum (77K) of hydrogen 
-1 
adsorbed on pure palladium black (em ) 
frequency, -1 assignment alternative assignment em 
(PH2 -2 > 10 torr (ref. 26) (this work) 
129 lattice mode ) 
) 
194 lattice mode ) 
) concurred 
460 8 - PdH ) 
) 
549 a. - PdH ) 
605 H20 v 0 of (~ 2 -H)Pd2 , crystal plane 
unassigned. 
823 (~ 2 -H)Pd2 vibration \) s . of (~ 2 -H)Pd2 on Pd (100) 
perpendicular to surface 
916 (~ 2 -H)Pd2 vibration \) of (~ 2 -H)Pd2 on Pd ( 111) s 
parallel to surface 
"'1700 H-0-H deformation \) of (~ 2 -H)Pd2 on P~ (111) and and/or combination as 
823 + 916 Pd (100) 
--- - --
The data are taken from ref.26. See also fig. 5.10 
I 
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b.f.d. are saturated with strongly chemisorbed hydrogen. The 
extra hydrogen uptake must have been physisorbed at 77K for 
the following reasons. On opening the sample cans at room 
temperature after obtaining the spectra of the second coverages 
of hydrogen, the cans were found to contain a significant over-
pressure of H2 , i.e. greater than 12 torr, the maximum pressure 
measurable with the Baratron gauge used. However, the final 
overpressure of H2 during the adsorptions at 77K was ~0.75 torr. 
Thus the H2 sorbed in excess of the strong chemisorption was 
weakly held by the Pd, indicative of physisorption. Surface 
potential measurements 41 have shown the presence of physisorbed 
-3 hydrogen on Pd films at 77K for 8~0.85 (1 x 10 torr H2). 
The physisorbed ~ 2 was easily removed by evacuation at 77K to 
-4 41'' 1 x 10 torr. 
5.4 Previously published data on the Pd/H system 
5.4.1 The INS spectrum of hydrogen adsorbed on 
uncontaminated Pd black 
The INS spectrum of H2 adsorbed on pure Pd black 
26 has been reported and is shown in Fig. 5.10 and Table 5.7. 
-1 26 A broad peak at ca 1700 em was assigned by the authors to 
the deformation mode (v 0 ) of co-adsorbed water by comparison 
with Pt/H INS data. 25 No bands were observed above 2000 cm-l 
and therefore terminal H was stated to be absent. These assign-
ments were made before the recent INS studies on hydridocarbonyls 
had been conducted. Using the hydridocarbonyl data, we pro-
pose a reassignment of the INS data on the pure Pd-H system. 
We submit that the only surface species present were 
H adsorbed at 2-fold bridging sites. Any 3-fold surface sites 
must be unoccupied because of the absence of bands in the range 
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ca 1030 to 1270 cm-l The broad band at ca 1700 cm-l 
/H......._ (Fig. 5.10) is assigned to modes of surface Pd Pd species; 
as with the data discussed above (Section 5.3.2(a)) its width 
is indicative of the occupation of sites on more than one 
crystal plane. 
As with Drifjhout Pd black, we assume that the majority of 
crystal planes exposed at the surface of this pure sample are 
the (111) planes, with most of the remainder being (100) planes. 
-1 -1 The most intense band, at 916 em (Fig. 5.10), and the 823 em 
band are then assigned to the symmetric stretch of H at 2-fold 
sites on the (111) and (100) crystal planes respectively. 
The 605 cm-l band is now tentatively assigned to the v 0 mode H 
of a surface Pd~ "Pd species on one of these two crystal planes, 
although it occurs at a much higher frequency than the analaogous 
out-of-plane deformation of (~ 2 -H)Pd2 hydridocarbonyls (Fig. 5.2). 
The v 0 mode of hydrogen adsorbed on the other crystal plane at 
a 2-fold site must either occur below 400 cm-l or be submerged 
in the poorly resolved low frequency part of the spectrum (Fig.5.10). 
5.4.2 An infra red study of hydrogen adsorbed by palladium 
An IR-reflection study42 (4000-360 cm-1 ) of hydrogen 
adsorbed at pressures of 30 to 730 torr (393K) on an annealed 
palladium hydride film (PdH0 _6 ) showed two bands, at 760 cm-l 
-1 . -1 
and 880 em . The 880 em band was the more intense and 
assigned to modes of H at sites of c3v symmetry on (111) sur-
-1 face crystal planes and the 760 em band to H at sites of c4v 
symmetry at (100) surface planes. The hydride has significant 
. 18 26 
metal propert1es ' and the surface selection rule is operative-
dipole moment changes parallel to the surface will not give bands 
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in the IR spectra. Thus the 760 and 880 cm-l bands were 
said42 to involve H atom displacements perpendicular to the 
surface. The two IR bands were very poorly resolved and the 
transition frequencies were determined by fitting two curves 
to the observed spectrum, an inaccurate method since the true 
band widths were not known. 26 
Our INS spectra of the Drijfhout Pd/H system (Section 5.3) 
indicate that at high coverages(B>l) hydrogen occupies only 2-
fold and on-top sites on Pd. In view of the INS results, we 
suggest a reassignment of theIR data. 42 The surface coverage 
of H was not stated in the IR experiment42 but is likely to 
have exceeded one monolayer at the pressures used. Thus H 
is most probably held at 2-fold and/or on-top sites on the 
palladium hydride film. By comparison with the hydridocarbonyl 
data (Fig. 5.2), the 880 cm~ 1 IR band is reassigned to the vs 
mode of H at a 2-fold site, which we will refer to as site I. 
There are two possibilities for the 760 cm-l band: 
1. The v mode of H at a 2-fold site, distinct from site I 
s 
above; 
2. the v 0 mode of H at an on-top site. 
Possibility (2) is unlikely - this mode involves only small H 
atom displacements perpendicular to the surface and will give a 
very weak IR band. We therefore prefer assignment {1) for the 
1 42 760 em- band. No other bands were reported in the IR spectrum. 
The va and v 0 modes of H at 2-fold sites are predicted by the 
surface selection rule to be very weakly IR active. 
5.4.3 Published thermodynamicJkinetic and electrical 
measurements for hydro·gen adsorbed on Pd 
Flash desorption studies 43 of polycrystalline wires 
between 100 and ~OOOK showed 4 different states of sorbed H. 
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One state, a, occurred only after cooling the filament to lOOK 
. -1 
and desorbed at 250K with an activation energy of 54-58 kJ mole . 
This state has been ascribed to both the S-hydride phase43 and 
21 to molecularly adsorbed H2 . The 3 other states: S1 , S2 , S3 , 
desorbed at temperatures above 350K with activation energies 43 of 
92, 105 and 146 kJ mole-1 . The s3 state was only weakly present. 
The close agreement between the activation energies of desorption 
and the enthalpies of adsorption (Table 5.1) indicates that the 
21 
activation energy for dissociative chemisorption is very low. 
4·1 . Surface potential measurements of hydrogen adsorbed and 
absorbed at 78K on an annealed Pd film showed the existence of 
3 surface species. -2 At very low coverages, 8~1 x 10 , the H2 
is dissociatively adsorbed to form an electronegative species. 
At higher coverages, up to 8~0.7, the major surface state is 
an electropositive form of dissociated hydrogen. Another 
electropos~tive, but weakly held, molecular form of H2 is ad-
sorbed at coverages approaching 1 monolayer (8 = aa 0.85). 
These results, however, need qualifying. Firstly, the 
method gives a surface potential which is an average for all the 
variously bonded states of H adsorbed on the crystal planes ex-
posed at the surf~ce of the film. Secondly, the experimental 
conditions were such that the electropositive species were ad-
sorbed on a Pd hydride film rather than Pd metal. Work function 
measurements 6 ' 23 of adsorption on single crystal planes of Pd 
(Table 5.3) under conditions where there was no absorption 
showed that the H adatoms were the negative part of a weak dipole. 
The latter results were an average over all the surface species 
on the chosen crystal plane. 
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Combining the results of these two.techniques shows that 
even at 77K the adsorption of H2 is dissociative and molecular 
adsorption occurs only at high coverage. This is in accord 
0 3 18 44 
with isotherm measurements and H2;n2 exchange exper1ments, ' ' 
and is the same behaviour as shown by Ni/H systems. 1 ' 2 
5.4.4 Published structural data for hydrogen chemi-
sorbed on single crystal pLanes of Pd 
LEED, TDS and work function-change, ~~' measure-
6 23 
ments have been used by Ertl et al ' to study the adsorption 
of H on single crystal planes of Pd under conditions where ab-
sorption into the bulk was negligible. 
On Pd. (100), a 2(2x2) LEED pattern was seen at low 
temperatures (<260K) for coverages of less than one monolayer. 
This arose from adsorption at 4-fold surface sites. The 
variation in intensity of the adsorbate diffraction spots with 
surface coverage at l05K showed a maximum at 8 = 0.5. 
Increasing the temperature at constant e caused the 
pattern to disappear indicating disorder of the adlayer above a 
critical temperature. The experimental phase diagram (Temper-
ature versus e) thus produced was interpreted as arising from 
the operation of repulsive, through bond forces (nn) between 
nearest H neighbours on identical 4-fold sites and attractive 
forces (nnn) between next nearest neighbours. Below e = 0.5, 
the surface was not randomly covered but the adsorbate formed 
islands of the 1c(2x2) structure held together by the balance of 
the nn and .nnn forces. 
The work function change, A~, for hydrog~ri chemi-
sorption on Pd (100) was proportional to surface ~oveiage up 
162 
to 6~0.9 whereafter ~~ increased more rapidly with 6, but still 
approximately linearly. The H particles have a small partial 
-2 
negative charge and a dipole moment of 2.lxl0 Debye which 
is constant with coverage for 6<0.9. At higher coverage, the 
-2 
average dipole moment increased, reaching 3.lxl0 Debye at 
saturation (6=1.35). 
The isosteric heat of adsorption, q. , derived from the 
1SO 
empirical relation between 6 and~~ and also from the':tiliaus.tus-
Clayperon equation, was constant at 103 kJ mole-l with 6 until 
-1 6>0.9, whereafter it fell rapidly, reaching 77KJ mole at 6=1.25. 
6 TDS spectra up to 550K showed a single peak at T = 360K 
max 
which developed a low temperature shoulder at greater than 1 
monolayer coverage. 
6 In summary, Ertl et al proposed that identical, 4-fold, 
sites were uniquely occupied on Pd (100) at 6<1; since these 
sites must be fully ~aturated at 6=1, the abrupt changes in ~~' 
q. and the shoulder in the TDS spectra arose from adsorption 
1SO 
at sites of different geometry, e.g. terminal and/or bridging. 
Their results could not distinguish between the new types of 
site or whether the 4-fold sites remained unoccupied at 6>1. 
The results of chemisorption on otheF planes of Pd are 
summarised in Table 5.3 in which the proposed surface sites 
obtain for coverages of less than a monolayer. 
Combining the conclusions of the LEED and the present INS 
work, at less than 1 monolayer coverage hydrogen is chemisorbed 
on low index plan'es ~ of Pd at only the sites of highest possible 
symmetry, whereas at increasing coverages (6>1) 2-fold bridging, 
and later terminal, sites are occupied, the high symmetry sites 
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having been vacated. Consistent with this view are the results 
of the pseudopotential calculations of Louie 45 for an ordered 
monolayer of H chemisorbed on the Pd (111) surface. The ad-
sorption was predicted to occur at 3-fold hollow sites in pre-
f~renc~·to on~top sites. 
5.5 A reassignment of the previously published INS spectra 
of hydrogen adsorbed by Pt black 
The INS spectra of hydrogen adsorbed by platinum black 
reported by Howard et az 25 are shown in Fig. 5.11 and summarised, 
along with three different assignment schemes, in Table 5.8. 
The assignment scheme due to Howard et az 25 is not accepted 
for the following reasons: 
1. The authors 25 admitted the possibility of the presence of 
some surface water on their Pt samples. A broad INS band at 
-1 . -2 1751 em (Fig. 5.lla; 3xl0 torr H2 ) which showed a shift to 
lower frequencies on increasing the hydrogen overpressure 
(Table 5.8) was accordingly assigned to the v 0 mode of surface 
water. However, the INS spectrum of Pt+H2o (Fig. 5.llb, 
1.5 torr H2o) showed only a weak band at ca 1695 cm-
1
, the 
-1 intensity of which was much lower than that of the 1751 em 
band in the Pt/H spectra (Fig. 5.lla). If, therefore, the 
1751 cm-l band (Fig. 5.lla) was due to adsorbed water, then the 
intensity of this band indicates that the quantity of surface 
water would have been large, comparable to the amount of adsorbed 
hydrogen. The most likely origins of surface water are co-
adsorption with the hydrogen or reaction of hydrogen with un-
removed surface oxygen, but both sources are unlikely to yield 
such large amounts of H20. Therefore it is proposed here that 
the 1751 cm-l band in the Pt/H spectra (Fig. 5.lla) arose from 
modes of adsorbed hydrogen. 
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Fig. 5.lla,b ·Pt black plus hydrogen adsorbed at 3 x 10-2 torr 
(a) with Pt background subtracted, (b) with P"t 
>-
... 
iii 
z 
UJ 
1-
z 
50 
plus adsorbed water spec"trum subtracted. 
Taken from ref.25. 
al Pt • H2 13 •10-2 torr 
0 
0 
0 
0 
bl Pt- Hz 13 .,o-2 torr J- cesorbro H20 de: to 
INCIDENT NEUTRON ENERGYj meV 
y,c-· Platinum black plus hydrogen adsorbed at 3 X /0-2 torr (a) with the background 
subtracted (b) with the adsorbed water spectrum subtracted. 
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Fig. 5.llc,d Pt b~ack plus hydrogen adsorbed at (c) 1 torr, 
(d) 634 torr. Taken from ref. 25. .. 
\,() 
\,() 
r-l 
TABLE 5.8 Summary of the INS spectra recorded at 77K for hydrogen adsorbed at 
room temperature on platinum black. Spectral data taken from ref. 25. 
Pt + H2 Pt + H2 Pt + H2 original assignment first alternative second alternative 
-2 3xl0 torr 1 torr 634 torr assignment assignment 0 
Fig.5.lla ·Fig.5.llc Fig.5.lld (ref. 25) (ref. 8) (this work) 
500 512 496 ) vo (~2-H)pt2' v0 (~1-H)pt on pt (111) ) 
species X ~ all 3 modes of 590 616 616 i/p def. (~2-H) pt2' v0 (~1-H)pt on pt (100) ) (~2-H)pt2 
) species X 
815 856 848 ) vs (~2-H)pt2' vs (~ 2-H)pt2 , crysta~ plane 
species X unass1gned 
936 936 \)0 (~ l -H) Pt \)0 (~1 -H)Pt vs (~3-H)pt3 on Pt (111) 
1296 1296 ? vs (~2-H)pt2' vas (~ 3-H)pt3 on pt (111) 
species Y 
1751 1696 1656 v
0 
surface H2o va (~2-H)pt2' vas (~2-H)pt2 , crysta~ plane 
species X & Y - unass1gned 
2000 to 2000 to \) (~ 1-H) Pt \) (:~ 1-H) Pt vs (~1-H)pt on pt (111) and 2250 2250 s s pt (100) 
L__ 
... 
--
--·-~ 
------ -- - -- --
-
---- ---
-------
i/p def. = in-plane defonnation mode. 
In colurm 5, X andY denote the species forrred by hydrogen adsorption at two different 2-fold surface sites. 
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-1 . 2. The bands at 500, 590 and 815 ern 1n the Pt/H. spectra 
-2 25 (Fig. 5.lla, 3xl0 torr H2 ) were assigned by Howard et aZ 
to the three modes of H at a 2-fold bridging site but the 
hydridocarbonyl data (Fig. 5.2) shows these frequencies are 
too low to include the antisyrnrnetric stretching mode. 
3. -1 The band at 1296 ern (Figs. 5.llc,d; 1 and 634 torr H2 ), 
which occurred Orily at higher-coverages, remained-unexplained. 
8 A different assignment scheme, based on the hydrido-
-1 
carbonyl data, assigned the 1296 ern band to the symmetric 
stretch of a (~ 2 -H)Pt 2 species which was formed at high coverage 
only. -1 l The frequency shift of the 1751 ern band to 1656 ern-
on increasing coverage was ascribed to the overlapping of the 
bands due to the v modes of this 2-fold species with that of 
a 
a different (~ 2 -H)Pt 2 state which was present at all coverages. 
\ 
This scheme, unfortunately, cannot be entirely correct. 
-1 The band at 616 ern cannot be due to the same species as the 
856 crn-l band because of the change in relative intensity with 
coverage (c.f. spectra for l and 634 torr H2). Also the ca 
616 crn-l band was assigned to a mode of adsorbed hydrogen corres-
ponding to the in-plane deformation of (~ 2 -H)M2 hydridocarbonyls 
but this mode has no analogue for surface hydrogen (Fig. 5.3). 
We now give a reassignment (see Table 5.8) of the INS Pt/H 
spectra shown in Fig. 5.11, based on the hydridocarbonyl data. 
-1 The band at 500 ern (Fig. 5.lla) is intense in the low 
coverage spectr.urn (3xlo- 2 torr) and becomes the strongest band 
at the higher coverages. It must therefore be due to a differ-
ent H species than the other bands. 
-1 The 590 ern band is the most intense at low 8 and, along 
-1 
with the 500 ern band, dominates the spectrum at high 8 (634 torr). 
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We assign both bands to terminally bound H,.the 590 cm-l to 
sites on the (100) surface planes and the 500 cm-l to sites, 
which are expected to be more numberous, on the (111) planes. 
These m9des are the aegenerat~ vibrations of H parallel to the 
surface; the perpendicular modes, expected in the region 2000 
-1 . 
to 2250 em , were only seen for H2 doses of 1 torr and above, 
probably because of the large momentum transfer at these high 
frequencies reducing the INS band intensities. 
-1 -2 The bands at 815 and 1751 em (3xl0 torr H2 ) appear 
at all coverages. They cannot be caused by the same surface 
. -1 
species as the 500 or 590 em bands because they become re-
latively weaker at high e. By comparison with the hydride-
carbonyl data (Fig. 5.2) they are assigned to the modes of H 
at a 2-fold site. the 1751 cm-l band to the antisymmetric 
. -1 
stretch and the 815 em to the symmetric stretch. These 
-1 bands shift to 848 and 1656 em at high e (634 torr H2 ) possibly 
because of lateral interactions between adsorbed H particles 
on the more crowded surface. There are no bands assignable 
/H' 
to the v 0 mode of the Pt Pt surface species. The band 
intensity from this mode may be intrinsically weak or it may 
arise below the low frequency limit (337 cm-1 ) of the Pt/H 
spectra (Fig. 5.11). The analogous out-of-plane deformation 
mode of (p 2-H)M2 hydridocarbonyls lies in the range 310 to 
-1 370 em (Fig. 5.2). 
-1 The 936 and 1296 em bands in the Pt/H spectra (1 torr H2 ) 
exhibit their maximum intensities at 1 torr and do not appear 
at lower coverage. This suggests multiple-bonding sites; noting 
the intensity of the 1296 cm-l band it is assigned to the anti-
symmetric stretch (an E mode) of H at a 3-fold site and the 
-1 936 em band to the symmetric stretch (A1 ). 
5.6 Estimation of bond angles and bond lengths 
for H species on Driifhout Pd black 
' 
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Two metH~ds of estimating bond angles from vibrational 
frequencies have recently been published, one by Katovic and 
46 47 McCartey, the other by N. Sheppard et al. Both methods 
37 
are derived from equations given by Herzberg for the force 
constants of XY2 (c2v) molecules. Using the central force 
field model, Katovic assumed that v <<v and Sheppard et al 
0 s 
made the equivalent approximation in their valence force field 
model that the force constant of the bending mode was much 
less than that of the bond stretching mode. By modifying 
. . 
46 
. l d b . Katov1c's equat1on to 1nc u e v 0 we o ta1n: 
2 
-1 -1 
v M + MH (l - COS CL) a m 
-2 2 
-1 -1 -· 
v + vo M + MH ' ( l + cos a) s- m 
where a=MHM bond angle, Mm=mass of metal atom, ~ ~ mass of 
hydrogen atom. 
.2 
v + s· 
2 
Sheppard's equation47 becomes 
= tan
2 ( ~ 
We shall use the Katovic equation in preference· to the 
Sheppard equation since the derivation of the latter takes M 
m 
to be infinite. The method still assumes that 
and also makes the probably less reasonable assumption of 
central forces (a11 = force constant for Pd-H stretch, a 33 = 
force constant for Pd-Pd stretch) . 
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We have calculated (Table 5.9) the bond angles, a, of 
/H' 
the surface Pd Pd species of the Drifjhout Pd sample using 
the Katovic formula and assuming v 0 <<vs' since the v 0 fre-
quencies are unknown. 
TABLE 5.9 Bond angles, a, and bond lengths, r, for H 
adsorbed at 2-fold sites on Drijfhout Pd black 
Crystal plane 0 10 
0 0 
coverage a ,± rA, ± O.OlA 
Pd (111) 1.2 129 1.53 
Pd (111) 1.7 127 1.54 
Pd (100) 1.2 130 1.52 
Pd (100) 1.7 129 1.52 
The errors in a and r are those which arise from an uncertainty 
of ± 15 cm-l in the vibrational frequencies. 
Both the (100) and (111) planes of Pd are close packed, 
thus the Pd-H bond lengths (Table 5.9) are given by r.coseca;2 , 
0 . 
where r = 1.375A 1s the atomic radius of Pd. However, the 
sum of the Bragg-Slater radii 48 of Pd and His 1.65R, greater 
than the predicted bond lengths. This shows that the assumptions 
v 0 <<ys and of the central force field model are very poor. 
Indeed, even for a simple molecule such as H2o in the gas phase, 
the central force field model leads to inaccurate predictions. 37 
5.7 Conclusions 
The INS spec~ra of H adsorbed on Pt and two different 
Pd samples, assigned by comparison with the vibrational spectra 
of transition metal hydridocarbonyl compounds, show the occup-
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ation of 2-fold bridging sites on each metal surface. 
On Pt, terminal and 3-fold sites are also filled while 
on pure Pd, adsorption occurs only at the 2-fold sites. Ad-
sorption at a unique type of site on Pd and a multiplicity of 
sites on Pt confirms the results of other surface techniques, 
published in the literature. 
As the coverage approached 8=2 on Drifjhout Pd black, on-
top sites became filled along with the 2-fold sites. In 
several respects the Drifjhout Pd black is more similar to Pt 
black than to pure Pd black, as witness the complexity of its 
INS spectrum of adsorbed hydrogen, indicating the existence of 
several surface states, and in the lower isosteric heat of 
adsorption. This can be explained by the raising of the d-
electron density at the Drijfhout Pd surface by the Zn and Pb 
contaminants, intermediate between the value for Pd (the lesser) 
and Pt (the greater) . 
Previously published data, principally LEED results, in-
dicate that sites of high symmetry, e.g. c3v on (111) planes, 
are occupied at coverages of less than 1 monolayer on Pt and Pd . 
. The INS data show that at higher coverages, such sites are 
vacated in favour of 2-fold bridging sites and, except for 
'pure' Pd, on-top sites. 
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CHAPTER SIX 
AN I.N.S. STUDY OF CYCLOPROPANE 
ADSORBED BY Co (II) and Mn (II) PARTIALLY 
ION-EXCHANGED A-TYPE ZEOLITES 
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6.1 Introduction 
We present the vibrational spectra (ca. 1 to 850 cm-1 ) 
obtained by INS of cyclopropane adsorption complexes in 
Co (II) and Mn (II) partially exchanged A-type zeolites. 
These complexes are unusual in that they are stable 
organometallic complexes of cyclopropane. This contrasts 
with the stability of extra-zeolite transition-metal com-
plexes of cyclopropane; attempts to synthesise these latter 
materials result in fracture of the cyclopropane ring, 
generally forming w-allyl ligands. The present work is an 
example of the use of zeolites, coupled with vacuum techniques, 
to study the complexes of a very weak Lewis base, c3H6 , 
without interference from competing ligands from a solvent 
20 
or the atmosphere. 
The following considerations provide the rationale for 
this work: 
1. The X-ray crystal structure of these two zeolite ad-
sorption complexes of c3H6 have been published by 
Seff et al. 20 However, on the basis of our INS spectra 
·,of these samples, we argue belLow that the two structures 
published by Seff should be somewhat modified (see 
Section 6. 3) . 
2. The isomerisation of cyclopropane to propane is used as 
a test of the Bronsted acidity of zeolite catalysts. 
3. Cyclopropane has attracted considerable theoretical 
interest. 1 2 When described by the Walsh model ' it has 
3 both Mobius and Htickel orbital systems. 
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The IR and Raman spectra of gaseous, liquid and crystal!-
ine phases of cyclopropane have been extensively discussed in 
4-15 the literature. The data are listed in Table 6.1. The 
-1 high frequency limit of our INS data is 850 em the v 14 mode 
-1 
of gas phase C'3H 6 occurs below this limit, at 739 em (Table 6.1). 
-1 Two other internal modes of c 3H6 , v7 at 854 em and v11 at 
-1 867 em (gas phase frequencies, Table 6.1) will also give some 
intensity in our INS spectra of adsorbed cyclopropane. 
·:,. 
In the gas phase, cyclopropane has D3h symmetry. Under 
this point group those modes transforming as A2 (v 4 ) or Ai' (v 5 ) 
are formally Raman and infrared inactive. On complexation 
within a zeolite, the cyclopropane adsorption complex generally 
adopts either c 3v or c 2v symmetry (see below). .Under C)v' the 
modes v4 and v 5 remain optically inactive but they become active 
under c 2v (Table 6.2). Assignment of the frequencies of these 
modes is therefore important since their observation would help 
decide the geometry of the adsorption comple.x. The assignment 
of these modes for uncomplexed c 3H6 was first achieved by 
6 Duncan and McKean using two independent approaches which led 
to the same result. These were: 
(1) examination of the contours of overtone and combination 
bands in the vapour phase under high resolution and, 
(2) the i.r. spectra of crystalline films at 78K - modes of 
all symmetry species are active in the crystalline phase. 
The vibrational spectrum of the solid state is consistent 
with a c 2v factor group, a cs site and two molecules per 
h h b . . 't-. 11 12 ort or om 1c un1 ·Ce . 
Normal coordinate analyses of cyclopropane carried out 
after reliable assignments of all the fundamental modes had 
been made, have been published by Levin and Pearce, 14 Duncan 
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TABLE 6.1 The frequencies of the fundamental modes of vibration 
of cyclopropane-h6 as repor.ted in the literature 
Symmetry Activity J.1ode ~ phase Liquid Crystal 
species (D3h) number / -1 Raman 80K (D3h) (after van 203K 
ref .14> v;an-1 \i/an-1 
.. 
ref.l4 ref.lO ref.l2 reference 
comtents 
A' 1 R \}1 3038.0 3010 3011. 71 3007 • 6 u.c.s. 
\}2 1479.0 1453 1458.0,1446.8 u.c.s. 
\}3 1188.0 1189 1185.0,1183.2 u.c.s. 
A' inact \}4 1070.0 n.o. -2 
A'' 1 inact \}5 1126.0 n.o. 1129.8,1123.2 u.c.s. 
.... i. r. \}6 3101.7 n.o. A2 -
\} 7 . 854.0 n.o. 856.4, 849.4 u.c.s. 
E'· R+i. r. 
. \} 8 3024.4 3028 3028, 3022 -
\}9 1437.7 1435 Jl435.4,1433.9} s.g.s.& 
1.:1432 • 51 1421. 6 ~.q.s_. 
~10 1028.4 1025 {1029.8,1026.0} s.g.s.~ 1023.1,1020.4 u.c.s. 
\} 868.5 867 { 869.0, 867 .2} s.g.s. 11 864.2, 862.5 & 
860.8 u.c.s. 
E""' R \} 3082.0 3077 { 3071. 51 3070} s.g.s.& 12 3062.5 . u.c.s . 
\} 1188.0 1179 {1202.2,1197.6} s.g.s.& 
'13 1189.4 u.c.s. 
\} 739.0 742 747.7, 741.7 s.g.s. 14 
inact = inactive; i.r. infrared active; R = Raman active, all 
under n3h selection rules. 
n.o. = not observed; s.g.s. = site group splitting; 
u.c.s.= unit cell splitting 
180 
'!'ABLE 6~2 
(a) Correlation of the o3h, c 3V and c 2V point groups from ref.l6 
(b) 
(1) 
(a) 
(e) 
c2v 
Al R + i.r. 
A2 R 
B2 R + i. r. 
Bl R + i. r. 
Al + B2 R + i. r. 
A2 + Bl R + i. r. 
R = Raman active 
i.r. = infrared active 
inact = inactive 
A' 1 R 
E' R + i.r.-..____ E 
E"R------= 
R + i.r. 
inact 
R + i.r. 
R + i.r. 
Symmetries of the normal modes of cycloQrOQane under 
various QOint grou2s J 
gas phase: 0 3h 3A1 + A' + 4E' +A"+ 2A" + 3E" = 
vib 2 1 2 
face bonded ad- c3V" 
sorption = 5A1 + 2A2 + 7E 
complex: vib 
edge bonded ad- c2v 
sorption = 7A1 + 4A2 + 5Bl + 5B2 
complex vib 
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and Burns, 7 and Kirokawa et az. 15 In the following dis-
cussion we will use the numbering scheme of Levin and Pearce 
to label the normal modes of vibration. 
6.2 Experimental 
Thro"ughout this chapter, we will use M(II) to represent 
Co(II) or Mn(II). The number of adsorbed gas molecules per 
supercage will be denoted by the symbol e. 
Zeolites of approximate composition Mn 3 _5Na5Al12si12o 48 
and co4 _0 Na 4 • 0Al12si12o 48 were produced by exchange of Linde 
4A zeolite (supplied by B.D.H.) at room temperature in O.lM 
solutions of Mnso 4 (B.D.H. AnalaR) and Co(N03 ) 2 (B.D.H .. AnalaR) 
respectively. The volume of the solution was chosen such 
that it contained a 10% excess over the stoichiometric amount 
of M(II) ions calculated necessary to produce the required 
degree of ion-exchange. The exchange was stopped after one 
week and the zeolite washed with H2o, dried (ca. 340K) and 
analysed for M(II) and Na(I) content. A second exchange 
in a O.lM solution of Mnso4 or Co(N03 ) 2 at room temperature 
for one week was carried out. Again the volume of exchange 
solution was such it contained a 10% excess over the amount of 
M(II) ions that would have been necessary under stoichiometric 
conditions for the additional degree of ion-exchange. The 
zeolite was then washed, dried and re-analysed. The precise 
compositions of the partially exchanged zeolites are given in 
Tables 6.3 and 6.4 and we will hereafter refer to them by 
CoNaA or MnNaA as appropriate. 
The c 3H6 (99.8%) was supplied by Matheson Ltd., U.S.A., 
and the c 3n6 (98%D) by Merck, Sharp and Dobme, Canada. The 
N 
CXl 
r-1 TABLE 6.3 Summary of experimental details for the INS spectra of the CoNaA/ 
cyclopropane adsorption complexes 
spectrometer 
zeolite composition 
gas 
temperature of INS run/K 
coverage/molecules per supercage (8) 
maximum pressure during adsorption/torr 
residual overpressure of cyclopropane 
in sample can/torr 
% scattering from adsorbed gas 
cr. adsorbed cyclopropane 1nc 
cr. zeolite 1nc 
IN4 I IN4 
Co4.0Na4.0All1Sil3048 
C3H6 C3H6 
16 16 
0.9 1.8 
23 23 
<0.1 1.5 
10 20 
16 30 
DIDO bfd IDIDO bfd 
Co4.1Na3.8All3Sil2048 
C3H6 C3H6 
77 77 
0.7 3.0 
340 450 
2.1 0.2 
11 50 
11 52 
M 
00 
..--! 
TABLE 6·.4 Summary of experimental details for the INS spectra of the MnNaA/ 
cyclopropane adsorption complexes 
spectrometer 
zeolite composition 
gas 
temperature of INS run/K 
coverage/molecules per supercage (e) 
maximum pressure during adsorption (torr) 
residual overpressure of cyclopropane 
in sample can/torr 
% scattering from adsorbed gas 
a. adsorbed cyclopropane 1nc 
a. zeolite 1nc 
IN4 
Mn3,. 6Na 4. 8All2Sil2° 48 
C3H6 
10 
1.2 
15 
0.2 
11 
59 
IN4 I IN4 
Mn3.4Na5.2 All2Sil2°48 
C3D6 CjD;(; 
10 10 
1.5 2.3 
I 53 62 
<0.1 <0.1 
1.3 2.0 
1.8 2.8 
'• 
DIDO bfd I DIDO bfd l 
Mn3.4Na5.2 All2Sil2°48 
C3H6 C3H6 
77 77 
0.9 1.8 
300 340 
4.6 1.1 
10 20 
42 84 
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adsorption and sample preparation techniques were as given 
in Chapter Four. The experimental details are summarised 
in Tables 6.3 and 6.4. 
The t.o.f. spectra presented in this chapter were obtained 
on the IN4 spectrometer at the I.L.L., Grenoble. All of these 
data have been treated in the following way. The number of 
scattered neutron counts was corrected for detector effie-
iency and incident neutron fl~x using standard I.L.L. programs. 
From this may be produced a plot of corrected counts against 
neutron time-of-flight, t. The resultant plot is a curve 
sitting on a non-zero, flat baseline. On conversion of such 
a. plot to P(a,S) against energy transfer, the flat baseline 
becomes a curve whose gradient increases rapidly at high 
energy transfers. This arises from the dependence of P(a,S) 
4 
on t (Chapter Two); the t.o.f. spectra refer to neutron 
energy loss processes and large energy transfers therefore 
imply high values of t. In order to obtain accurate values 
of the intensities of the bands in the P(a, B) plots, a corn-
puter program to subtract the flat baseline from the corrected 
number of neutron counts and then to recalculate P{a,S) has 
been written~ The baseline of the P(a,S) graphs shown in 
this chapter is the line P(a,S) C, where C is a number close 
to zero compared with the maximum value of P(a,S) in each 
spectrum. The statistics of our results are such that the 
data points of some spectra show a spread about this line at 
high energy transfers. The effect of this baseline sub-
traction may be seen by comparing Figs. 6.1 (a) and (b). 
Since there are more data points at high energy transfers 
than at low, the data points of the P(a,S) plots were grouped 
L() 
00 
r-i 
Fig. 6.la T.o.f. spectrum (16K) of dehydrated CoNaA zeolite, scattering angle 83.1°. 
Neither a flat base-line nor a background have been subtracted fom these data. 
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into equal energy (4 cm-1 ) bins. The grouping of the data 
points was applied after the subtraction of the baseline and 
recalculation of P(a,S). Finally, a program was written to 
fit Gaussian curves to the P{a,S) spectra. This program 
was modified from one written at Newcastle Polytechnic which 
in turn used curve fitting routines developed by Pitha and 
17 Jones. In the t.o.f. spectra presented in this chapter, 
the dashed lines represent the fitted Gaussian curves and the 
continuous line the sum of the Gaussians. The experimental 
points are shown by crosses. Because of the statistical 
spread in the data points of the t.o.f. spectra there is no 
unique fit to the data. 
The b.f~d. spectra shown in this chapter were obtained 
on the DIDO b.f.d. spectrometer at A.E.R.E., Harwell. 
6.3 The .crystal structure of the cyclopropane adsorption gnplexes 
18-20 . Seff et aZ have obta1ned the crystal structures of 
dehydrated co4Na4-A, Mn4 _5Na 3-A and the cyclopropane adsorption 
complexes .co4Na 4-A-4C 3H6 , Mn4 _5Na 3-A·4C3H6 by single crystal 
X-ray diffraction. The salient interatomic distances and 
angles are listed in Table 6.5. The CoNaA and MnNaA zeolites 
show small but significant differences between their common 
. 18-20 bond angles and lengths. In both zeolites, each cation 
occupies a 6-oxygen ring position, lying on the three-fold 
axis of the ring (see Fig. 6.2). Those rings containing M(II) 
ions are tetrahedrally arranged about the a-cage while the 
Na+ irins define a second tetrahedron, interleaved with the 
first (Fig. 6.2). 
00 
00 
.--i 
TABLE 6.5 Bond lengths and angles in co4Na 4-A and Mn 4Na 4-A zeolites and their 
sorption complexes. From refs. 18-20 
. 
deviations from (III) M(II) -0(3) M{.II) -C 0(3)-M-0(3) 
zeolite plane at 0(3) ,R distance distance angle, 
M (II) Na+ R R degrees 
co 4Na 4-A dehydrated 0.34 -0.56 2.077(18) - 117.5(1) 
Co 4Na4-A·4C 3H6 0.61 -0.09 2.174(7) 2.813(66) 112.5(4) 
Mn 4Na 4-A dehydrated -0.11 0.46 2.11(1) - 119.6(1) 
Mn 4Na 4-A·4C 3H6 0.45 -0.61 2.122(8)' 3.088(65) 115.7(6) 
0(3)-M-C 
angle 
degrees 
-
99(1) 
-
96 (1) 
In columns 2 and 3, a positive deviation denotes that the cation lies within the a-cage, at 
an S2* site. 
A negative deviation denotes an S2~ site, within the B-cage. 
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Fig. 6.2a A stereoview of the co4Na4A.4CJK6 pseudo-unit cell, 
taken from ref. 20. Ellipsoids of 20% probability are used. 
02 
51 
01 
AL 
Fig. 6.2b A stereoview of the Mn4Na4A.4CjK6 pseudo-unit cell, 
taken from ref. 20. Ellipsoids of 20% probability are used. 
02 
51 
01 
AL 
Fig. 6.3 Coordination environment of Co(II) ions in co4Na4A.4C3H6 
and Mn(II) ions in J.vm4Na4A.4Cfb' after ref. 20. Ellipsoids of 
10% probability are used. 
51 SI 
190 
In dehydrated co4Na 4-A, the Co(II). ions occupy S2* sites 
while the Na+ ions are located at s2~ sites. This position-
ing of M(II) and Na+ ions on opposite sides of the ring is 
reversed in Mn 4 _5Na3-A, the Mn(II) ions occupying s2~ sites 
(Table 6.5). In these dehydrated zeolites, both the Mn(II) 
and Co(II) ions have nearly trigonal planar coordination with 
the 0(3) atoms of the 6-oxygen rings. 
On coordination to cyclopropane, both the Mn(II) and 
Co(II) ions advance into thea-cage but remain associated with 
the trigonally arranged 0(3) atoms. The coordination geo-
metry of the M(II) ions becomes approximately tetrahedral. 
Each cyclopropane molecule is bonded to one M(II) ion such 
that the three-fold axes of the 6-oxygen ring and the carbon 
ring coincide. According to Seff·- 20 the cyclopropane is 
face bonded to the M(II) cation, the M(II)-C3H6 complex ad-
opting c 3v symmetry (see Fig. 6.3). We note, however, that the 
thennal ellipsoids for the C atans are very large (the authors 20 
have used ellipsoids of 10% probability in Fig~ 6. 3 rather than the 
more usual 50%) . 
In the complexes of both zeolites, the Na + ions are found 
in the sodalite cavity (Table 6.5) and so cannot coordinate to 
the cyclopropane. 20~- ! 
There are two unusual features of the structures of the 
cyclopropane sorption complexes published by Seff. 20 
0 
1. The Mn-C -and Co-C distances are long, 3.09 and 2.81A 
respectively. Such distances are probably too long for any 
n-bonding between the metal ion and the ligand. In a Ni (II) 
cOmplex of -friphenylcyclopropene, · where such n-bonding does o_perate 
between the Ni (II) cation and the face bonded c3 ring, the distance between the 
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cation and the plane of the c3 ring is very much shorter, 
0 20 1.76A. However, we have assigned a band in the INS spectra 
of cyclopropane adsorbed by CoNaA and MnNaA to a hindered 
rotation about the c3 symmetry axes of the M(II)-C3H6 complexes 
(Section 6.5). The barrier to the rotation, calculated from 
the frequency of this band, indicates that. 1r-bopding between the 
cation and c3H6 ligand does occur and thereby suggests shorter 
M(II)-C3H6 bond lengths (see Section 6.7.1). 
Furthermore, the published20 Mn-C and Co-C distances 
both require extremely close intermolecular contacts between 
the H atoms of c3H6 molecules adsorbed within the same super-
cage. These contacts are so close (see below) as to imply 
severe deformation of the coadsorbed molecules, for which the 
20 X-ray and our INS data (Section 6.5) provide no evidence. 
We have calculated the distance between the H atoms of two 
coadsorbed c3H6 ligands, assuming that the geometry of the 
adsorbed c3H6 molecule is identical to that in the gas phase. 
We have also taken the distance from the plane defined by the 
0(3) atoms bonded to the M(II) cation to the centre of the 
0 
supercage to be 0.5 x 12.146A in both zeolites. (From the 
X-ray results, 20 the pseudo-unit-cell constants for MnNaA-4C3H6 
0 0 
and CoNaA·4C3H6 are 12.146(4)A and 12.147(2)A respectively). 
The intermolecular H---H distance is shortest when the 
two c3H6 rings adopt an eclipsed configuration; for CoNaA we 
0 0 
calculate this distance to be 1.40A and for MnNaA, 1.18A. If 
0 the c3H6 molecules are staggered by 60 , the H---H separation 
0 
is maximised; for CoNaA this H---H distance becomes 2.16A and 
0 
for MnNaA, 2.00A. These distances are shorter than twice the 
van der Waals radius, r , of hydrogen (1.2 21 to 1.4522 ~), 
vw 
which is further evidence that the M(II)-C distances reported 
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by Seff 20 are too long. Let us consider that the M(II)-C 
length may be shortened until the intermolecular H---H 
distance exceeds 2r but without changing any other aspects 
vw 
of the geometry of the two coadsorbed c3H6 ligands. Then 
0 
taking rvw=l.2A and assuming the c3H6 molecules can adopt an 
eclipsed configuration, we obtain a maximum possible value 
for the M(II)-C distance, which for CoNaA is 2.2R and 2.4R for 
MnNaA. 
In evaluating the maximum M(II)-C bond length we have 
held constant the distance between the M(II) cation and the 
plane of the 0(3) atoms to which the cation is bonded. The 
X-ray values 20 of 6.61R (M=Co) and 0.45R (M=Mn) were used for 
this distance. At these maximum values of the M(II)-C bond 
length, the distance between the planes of the C atoms of the 
adsorbed c3H6 molecules is the same in both the MnNaA and . 
CoNaA zeolite systems;. This is important in the calculation 
of the non-bonded interaction between ccoadsorbed c 3H6 molecules, 
discussed in Section 6.6.2. 
It is conceivable that the HCH bond angle of adsorbed 
c3H6 may be different from the gas-phase value. Any variation 
in this bond angle would depend on the M(II)-C bond length and 
possibly involve rehybridisation at the carbon atoms. Thus 
we cannot estimate the possible deformation of the bond angles 
of adsorbed c3H6 since there are too many undefined parameters. 
In summary, geometrical considerations support the con-
elusion following from the observation of a T
2 
mode in our INS 
spectra of adsorbed cyclopropane (Section 6.5, 6.6.2) that the 
published20 M(II)-C distances are too long. 
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2. The second unusual feature is the apparent shortening 
of the intramolecular C-C distance in c 3H6 from the gas phase 
value of l.SlR to 1.1R on complexation. This, however, was 
considered by Seff et az 20 to be an artifact of the large, 
anisotropic thermal parameters for carbon. Accordingly, the 
authors held that their data did not show that the C-C bonds 
had been shortened on adsorption. 
Smaller thermal parameters for the C atoms of the cyclo-
propane ring could not be given because of problems with the 
observed X-ray data and its analysis, which we now summarise. 
(1) The number of statistical significant reflections used in 
the structure refinement was low, 373 from a total number 
of 854 for the co4Na4-A complex and 331 from a total of 
852 for the Mn 4Na4-A complex. The final R values for 
the published structures of co4Na4-A·4C 3H6 and 
(2) No X-ray absorption corrections were applied to the data. 
(3) The positions of the C atoms could not be accurately 
determined - ellipsoids of 10% probability (instead of 
the more usual 50% probability) were used for carbon in 
the published diagrams of the crystal structure (e.g. 
Fig.6.2). The standard deviations listed for the C 
thermal parameters are largei for the Mn 4Na 4 ·A-4C3H6 
complex they range from 20% to 254%, and for co4Na4 ·4C3H6 
from 19% to 45%. Indeed, the initial data refinement 
suggested that there were 24 carbon atoms in each CoNaA 
supercage (23 for MnNaA), corresponding to eight c 3H6 
molecules. Since this is unreasonable on steric grounds, 
the subsequent refinements were based on the assumption 
that each supercage was occupied by four c 3H6 molecules. 
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(4) According to Seff, 20 the Na-0(3) and M(II)-0{3) distances 
reported for the M(II)NaA-C 3H6 systems may be respectively 
too short and too long. The reported-~alues refer to 
averaged positions of the atoms in two types of 6-oxygen 
rings, i.e. those rings associated with Na+ ions and those 
with M(II) . 20 lOllS. The resulting errors were not quant-
ified, but they apparently do not affect the positions of 
the M(II) ions, nor, therefore, the intermolecular con-
tacts we have calculated for coadsorbed c 3H6 molecules. 
To summarise, the published X-ray single crystal dif-
fraction data20 of Mn 4Na 4-A·4c3H6 and co4Na4-A·C3H6 do not, 
in our opinion, incontrovertibly define some of the detailed 
aspects of the geometry of the cyclopropane adsorption corn-
plexes. Although our INS data~ discussed below, are consistent 
20 
with Seff's proposal of face bonding of the c 3H6 molecule to 
the M(II). cation, the INS results suggest shorter M(II)-C3H6 
distances than those deduced from the X-ray work (Sections 6.5, 
6. 6) . The discrepancy between the INS and X-ray results is 
in large part due to the modest statistical quality of the 
X-ray data and the resulting difficulties with the structure 
refinement. Despite such problems, however, the value of 
crystallographic data on adsorbed species cannot be over-
estimated. Although in this respect zeolites present a number 
of difficulties, the pioneering work of the group led by 
Professor Seff has yielded results of considerable interest 
and relevance. It does appear, however, that in some cases 
the interpretation of the X-ray data is not unambiguous and 
this has led to some inaccuracies in the published results. 
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6.4 Published studies of adsorbed cyclopropane 
6.4.1 Spectroscopic 
(a) Tam et az 23 have reported Raman spectra of cyclopropane 
adsorbed on alkali metal exchanged zeolites X (see Table 6.6) 
The splitting of an E~ mode (v11 , a C-C sketal stretch14 of 
c 3H6 on adsorption on LiX and NaX was cited as evidence for a 
lowering of the adsorbate symmetry from D3h (gas phase) to 
c 2v. This was indicative of an edge-on, in-plane interaction 
with the cation, rather than of a face bonded adsorption com-
plex (symmetry c3v) . 
No splitting of the v 11 .mode was observed in the case of 
c 3H6 on KX and CsX zeolites. However, the edge bonding model 
was still preferred on the basis of the cation dependence of 
the frequency of the v 3 mode. This is an in-plane breathing 
mode of the c 3 ring and thus will be more sensitive to in-plane 
cation interactions than to interactions perpendicular to the 
ring. But since the reason for proposing an edge bonded 
complex in Lil3X and Nal3X was the splitting of the v11 mode, 
.f.. 
and the shifts of the v 3 frequency are small, we hold that the 
Raman data do not incontrovertibly distinguish between the 
c 3v and c 2v adsorption complexes in KX and CsX zeolites. 
Moreover, we note that for a complex of c 2v symmetry the' 
v 4 (CH 2 wag, B2 under c 2v> and v5 (CH2 twist, A2 ) modes become 
Raman active (see Table 6.2). They remain Raman inactive for 
a c 3v complex. In the gas phase they have symmetry A2"' (v 4 ) 
-1 6 
and A{"' (v 5 ) and have been located at 1070 and 1126 em . 
No extra Raman bands were reported on the adsorption of cyclo-
( ) -1 ( propane between 867 LiX and 1184 em CsX), assigned to 
v11 and v 3 respectively. Although the v11 mode (~under o3h) 
is Raman active for a c 3v complex it remains degenerate. 
/ 
\() 
0'1 
.--i 
-1 TABLE 6.6 Selected bands observed in the Raman spectra (~v, em ) of cyclopropane 
adsorbed on CsX, KX, NaX and LiX zeolites. Data taken from ref. 23. 
Assignment liquid CC1 4 CsX KX NaX LiX assignment D3h point group solution c2v point group 
vi 1E~ ring deformation 867 867s 860s 852s-:::::::: 1--866s 867s Al l--852sg 848sh B2 
v3Ai ring breathing 1189 1187vs 1184vs 1184vs 1185vs 1187vs Al 
--- --------·- ---- --~- ------ -·-
s = strong, sh = shoulder, vs = very strong 
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Thus the Raman spectrum of an edge bonded complex (c2v) 
should show a splitting of the v11 mode ·(at ca. 869 cm-
1 ) 
-1 and two additional bands due to v4 (at ca. 1070 em ) and 
. -1 
v5 (at ca. 1126 em ) . A face bonded complex (c 3v) gives 
rise to no new Raman bands and no splitting of the v 11 mode. 
Therefore the results for cyclopropane adsorbed on CsX and 
KX are consistent with a sorption complex of symmetry c 3v but 
not c 2v as proposed by Tam et az.
23 For LiX and NaX the data 
are not fully consistent with either adsorption geometry. 
Adsorption at two different cation sites might explain the 
apparent splitting of the v 11 mode but in this case one would 
expect to observe splitting of other modes, and this was not 
observed. 
The strength of the adsorption interaction, measured by 
the shift of the v3 frequency and the splitting of v11 , in-
creased with the polarising power of the cation. This 
23 
suggested that the bonding was principally due to a cation-
induced dipole interaction. We argue later (Section 6.7) 
that the availability of d-electron density on the cation leads 
to TI-bonding with the cyclopropane ring and a face bonded 
(c 3v) adsorption complex in preference to an edge bonded complex. 
(b) 
and 
Inf~ared studies 
The IR spectra of c 3H6 adsorbed by co5 _5Na1 _0Al12si12o48 
24 Mn 5 _5Na1 _0Al12si12o48 type-A zeolites have been reported 
and are shown in Figures 6.4 and 6.5. 
On adsorption of c 3H6 in CoNaA, two additional IR bands 
were seen, 24 at 1430 and 1456 cm-l (Fig. 6.4). The 1430 cm-l 
band was assigned24 to the v 9 scissors mode which is IR active 
co 
0'1 
M 
c 
b 
a 
.4000 
Fig. 6.4 Infrared spectra ofa ao CoNaA zeolite at 293K in vacuo after vacuum dehydration 
at 593K; b. dehydrated CoNaA + c3H6 at 293K; c. c3H6 gas. Taken 1'rom ref.24. 
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spec~ra of's a. MnNaA zeolite in vacuo a~ 29JK af~er vacuum dehydration 
~ +C~Ht; 
b. dehydrated ronNa~~zeol1teJat 29JK; c. c3H6 gas. Taken from ref·. 24. 
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£/ 
for the o3h' c 3v and c 2v point groups, transforming as~E~,E 
-= 
and A1 + B2 respectively (Table 6.2). The shift from the gas 
phase frequency of 1438 cm-l indicated that .the transitions of 
adsorbed, rather than gas phase, c3H6 were observed. The 
1456 cm-l band in the CoNaA + c3H6 IR spectrum (Figure 6.4) was 
assigned to the first overtone of v 14 . 
1 14 
occurs at 739 em- in the gas phase. 
The ~ 14 fundamental 
We propose here an 
alternative assignment of the 1456 cm-l band. Under the ooint 
arouo o3hl the overtone 2v14 transforms as Al + E'. Fermi 
resonance of the A]_ comoonent of 2v 14 (2 x 739 = 1478 cm-l) 
-l 9 
with v 2 (14 79 em I A:i) has been observed in the Raman spectrum 
of gas phase c3H6 , giving rise to two strong Q-branches at 
-1 1455 and 1507 em , superimposed on the S-branch of the v 9 band. 
The 2v 14 mode is IR active through the E' component (Table 6.2) 
and has been assigned by Baker and Lord57 to a very weak feature 
-1 
at 1480 em in the IR spectrum of gas phase c3H6 . Therefore, 
two possible assignments of the 1456 cm-l band in the IR 
24 I 
spectrum of CoNaA + c3H6 (Figure 6.4) are to either 2v 14 or 
to the lower frequency component of the 2v14!v 2 Fermi·diad. 
Because the observed band was intense (Figure 6.4) I we prefer 
the second assignment. The higher frequency transition of the 
Fermi doublet, expected at ca 1507 cm- 1 , was not observed24 in 
the CoNaA + c3H6 IR spectrum; it was possibly unresolved from 
the low frequency edge of the strong, broad zeolite absorbance 
centred at 1610 cm-l (Figure 6.4). 
The observation24 of the two IR bands at 1430 and 1456 -1 em 
due to c3H6 adsorbed by CoNaA is consistent with both c3v and 
c2v symmetry of the sorption complex. 
24 The MnNaA + c3H6 IR spectrum (Figure 6.5) showed only 
one band, at 1435 cm- 1 , ascribable to adsorbed c3H6 • It was 
. d 24 h . d ass1gne to t e v 9 sc1ssors mo e. 
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The "2v " band was 14 
not observed and was said24 to be masked by the structured 
spectrum of the MnNaA zeolite. Again the IR data for the 
MnNaA + c3H6 system are consistent with an adsorption geometry 
of either c3v or c2v. 
In conclusion, we note that IR spectroscopy can only 
distinguish between c3H6 adsorption complexes of c3v or c2v 
symmetry by the observation of an A2 (D3h) mode (Table 6.2). 
Onlv the CH2 .wag, v 4 , has this symmetry; it has been assiqned 
~1 14 
at 1070 em in the gas phase. Unfortunately, this region 
of the IR spectrum is masked by strong zeolite absorbances for 
both CoNaA and MnNaA and no changes at ca 1070 cm-l were 
. . 24 
observed on the adsorption of c3H6 . 
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(c) An I.R. study of C~H6 adsorbed in NiNa10A zeolite 
25 An early I.R. study of c 3H6 adsorbed in NiNa10~A 
zeolite (at ·293K, 760 torr) showed that the c 3H6 was revers-
ibly, but exclusively, held by Ni* ions, which were all located 
in six-oxygen rings. •* The Ni- ions adopted a tetrahedral co-
ordination with three oxygens of the six~ring and the adsorbate 
"O 
molecule, as found by Seff~ for co4Na4-A;c3H6 and Mn4 _ 5Na 3~A/ 
c 3H6 complexes. The coordination geometry of the c 3H6 ring 
could not be established from these high frequency data. 25 
6.4.2 N.m.r. studies of adsorbed cyclopropane 
Turkevitch et az 26 have studied cyclopropane ad-
13 1 
sorption in Nal3Y zeolite by C and H n.m.r. The equivalence 
of the protons implied a completely symmetric adsorbed state 
and the narrow line width indicated surface mobility of the 
cyclopropane molecules. Since the observed chemical shift 
was independent of coverage and temperature, it was not due to 
a dynamic equilibrium between strongly adsorbed, localised 
species and mobile physisorbed molecules. Thus in Nal3Y 
cyclopropane is physisorbed and forms a mobile phase whereas 
the Raman data for Nal3X 23 indicates a stronger, localised ad-
- N + . sorpt1on at a s1tes. The difference between the t~o zeolites 
-
may be related to the stronger electric fields within the 13X 
cavities. 
1 13 An H and C n.m.r. study at 301 to 303K by 
Naccache et az 27 of cyclopropane adsorbed on HY _zeolite, PtY 
zeolite and Pt/Sio2 has shown that the adsorbed c 3H6 was held 
parallel to the adsorbent surface and retained the gas phase 
symmetry of n3h. To explain the different signs of the chemical 
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shift on adsorption of the 1H and 13c, it was postulated that 
each C-C bond lengthened while the molecule's n-electron system 
remal·ned f1'xed. 27 H th b · f th' · · owever, e as1s o 1s r1ng expans1on 
model has been questioned. 26 The n.m.r. results of Naccache 
et az 27 are also in disagreement with those of a published 
IR/mass spectroscopy study. 28 The latter technique indicated 
isomerisation of c3H6 on adsorption on HY zeolite at room 
temperature (Section 6.4.3). 
6.4.3 Isomerisation studies 
At temperatures above 473~, cyclopropane is 
isomerised to propene in zeolites Nal3X, Nal3Y and Hl3Y. 29 , 30 
The rea6tion is catalysed by Br~nsted acid sites, is first 
order in ·c-C 3H6 and proceeds via a non-classical protonated 
1 . 30 eye opropane 1on 
...... E9 , ... 
'H' 
The activation energy in Nal3X is 125kJ mor· 1 which compares 
-.1 29 
with 270kJ. mol· for the homogeneous gas phase reaction. 
28 At room temperature, an IR/mass spectroscopy study 
snowed that the major product of c-C3H6 adsorption in HY 
zeolite was 2-methylpropane, possibly formed via a non classical 
methylated cyclopropane cation. h d d . 28 T e Raman an n.m.r. stu 1es 
discussed above have shown that the cyclopropane molecule remains 
intact when adsorbed on Nal3X and Nal3Y, respectively, at 
room temperature. 
204 
6.5 Results 
6.5.1 Introduction 
The lowest frequency internal vibration of 
1 h · · th h at 73q cm-l eye opropane- 6 .. 1n e gas p ase occurs _ 
-1 (v14 , principally a CH2 twisting mode) and at 526 em in 
cyclopropane-d6 . From published INS results,
31 
we expect 
the maximum shifts of the low frequency internal modes of 
a small organic molecule on complexation with the M(II) ions 
to be at most a few tens of wavenumbers. 
The present INS data for adsorbed cyclopropane 
are totally dissimilar from the optical spectra of solid cycle-
lo 12 propane. ' There are no bands observed in the vibrational 
spectrum of solid c3H6 between those due to v 14 (which shows
12 
a site splitting of 3 cm-l in the Raman at 77K, see Table 6.1), 
and the lattice modes which occur at 132, 118, 109, 100 and 
92 cm~l in the Raman, along with possible, weak IR bands at 
-1 10,12 
60 and 52 em . We have no evidence for a non-uniform 
distribution of adsorbed cyclopropane in our samples, nor do 
our INS spectra (Figs.6.9, 6.11~6.18 below). show any correspondence 
with the spectrum of solid c3H6 . We therefore discount the 
possibility that we have observed any modes of solid cycle-
propane. 
The INS bands observed below ca. 742 cm-l will have 
arisen from either hindered translations and hindered rotations 
of the adsorbed molecule with respect to the zeolite framework, 
or from amplified zeolite modes. We will refer to the hinder~d 
translations and rotations as the external modes of the ad-
sorbate. 
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There is a concentration of electron density in the 
c3H6 molecule at the centre of the carbon ring and at a point 
midway along each C-C bond, displaced outside the ring, 0.32~ 
from the C-C axis 1 ' 32 (Section 6.7). On the basis of this 
electron distribution, the two most likely geometries of the 
M(II)-C 3H6 complex are thus: 
l. face bonding of the c3H6 ring to the M(II) ion, giving 
a complex of c3v symmetry, as predicted by the X-ray diffraction 
results of Seff20 (Figs. 6.2, 6.3); 
2. edge bonding of the c3H6 ring to the M(II) ion, giving 
a complex of c2v symmetry. 
In view of the difficulties associated with the X-ray 
diffraction experiment, 20 (see Section 6.3), we now consider 
how the INS spectra of the two possible adsorption geometries 
would differ. 
The external modes of a c3v complex are drawn in Fig.6.6 
and will give rise to 4 INS bands, the torsions and trans-
lations parallel to the surface both being doubly degenerate. 
In contrast an edge bonded complex of c2v symmetry would give 
6 INS bands due to the external modes, which are shown in Fig.6.7. 
As shown in Chapter Two, the relative intensity IP of 
the fundamentals of the hindered rotations and torsions in the 
INS spectrum of a powder sample is given in the harmonic approxi-
mation by: 
where: 
i 
cr. 1nc 
'V 
E..hl 
]1. 
l 
exp[~~W] :.., ........ (6.1) 
the sum over i is, in principle, carried out for each isotope 
i (see below); 
~ 
0 
N 
Fig 6.6 External modes of a face-bonded intrazeolitic cyclopropane complex 
of c3v symmetry. 
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Fig. 6.? The external modes o:f an edge-·bonded intrazeoli tic cyclopropane complex 
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i' 
cr. is the incoherent inelastic neutron scattering cross 1nc 
section of the nucleus of type i; 
Z (~) is the vibrational density of states; 
~ . -1 
v is the frequency of the mode 1n em 
exp[-2W] is the Debye Waller factor, discussed below and 
~ . is the effective mass of the oscillator, given by 
l 
translational modes: 
torsional modes: 
~· = n./N l l 
"· = Lr2/I 
'"'1 j j R 
(6.2) 
( 6. 3) 
where M is the mass of the scattering entity; 
and 
ni is the number of nuclei of isotope i displaced 
in the mode; 
IR is the moment of inertia of the scattering entity 
about the relevant rotation axis; 
r. is the radius of gyration of the jth nucleus of 
J 
isotope i, the sum over j (equation 6.3) being over 
all j nuclei displaced during the mode. 
· f 12c · h · · t · 6 1 S1nce cr. o 1s zero, t e sums over 1 1n equa 1ons . 1nc 
1 to 6.3 are carried out for only the H atoms of the c3H6 
adsorbate and for D of c3n6 . 
In equation 6.1 the superscript P in the IP term is used 
to emphasise that the intensity is measured in terms of P(a,e). 
If we make the approximations that the Debye Waller 
factor (DWF), exp [-2W] in equation 6.1, is isotropic and 
energy independent, we may write: 33 
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where nQ is the momentum transfer during the scattering event 
and <U~> is the total mean square displacement of the ith 
l 
nucleus. The value of <U~> is isotropic and equal to the 
l 
sum of the mean square amplitudes of vibration over all modes 
involving the nucleus i. Both the internal and external 
modes of the molecule may contribute to the sum. 33 
More generally, the DWF is mode dependent and has a 
different value for each INS band. The <U~> becomes a function 
l 
~ 
of frequency v. Although the mean square amplitudes of all 
modes of vibration of the nucleus i are summed to find the 
value of <U~(~)0 those modes occurring at a given frequency 
l 
~are effectively weighted more strongly in the summation. 33 
Thus <Uf(~)> is, in general, anisotropic in the case of a mode 
dependent DWF. 
The energy dependence of the DWF can be tested by plotting 
the observed intensity, I~BS' o~ a given band as ln I~BS 
against o2 for the spectra obtained at different scattering 
angles. A straight line of gradient -<U~(~)> will be obtained 
l 
for a given band provided the intensity arises solely from a 
fundamental mode (or degenerate fundamentals) and there is 
no contribution from overtones or combinations. If the DWF 
is mode independent the measured values of <U~(~)> will be 
l 
constant. They will differ if the DWF is mode dependent. We 
present and discuss the plots for each sample in Sections 6.5.4 
and 6.5.9 below. In Section 6.5.11 we discuss the magnitude 
of the values of <Uf(~)> estimated from our INS spectra for 
the .H atoms of adsorbed c3H6 . 
Only the Z(~)/~ term in equation 6.1 depends upon our 
choice of the assumed geometry of the adsorption complex. In 
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Table 6.7 we list the values of this term for the external 
modes of cyclopropane-M (II) complexes of c 2~· and c3v symmetry -
these values are relative and the smallest numerical value of 
Z(~)/~ for each adsorption geometry has been set equal to unity. 
By comparing the observed intensities with those calculated 
using equation 6.1 for the bands in an INS spectrum we ~an 
check for the self-consistency of the assignment of those bands. 
Also .included in Table 6.7 are the deuteration shifts 
'V 'V (vD/vH) of these modes, calculated within the harmonic approxim-
ation. The deuteration shifts are quoted to three significant 
figures to illustrate the small differences between the pre-
dieted values. This is one significant figure more than is 
warranted by the probable 2% error in the values of the band 
centres by the IN4 spectrometer. 
That the cyclopropane ring remains intact and does not 
isomeris~ to propene or form 2-methylpropane on adsorption is 
shown by the non-observation of methyl torsion modes. These 
torsions would give rise to very intense INS bands in the 
region 100-400 cm-1 31 The IR spectrarobtai?ed by other 
workers 24 ,of c3H6 adsorbed at room temperature on CoNaA and 
MnNaA have shown no evidence for the formation of propene or 
open chain alkanes. 
6.5.2 The t.o.f. spectrum of dehydrated CoNaA 
The t. o. f. ;:':?pectrum of dehydrated Co 4 . 0 Na 4 . 0 
Al11si13o48 is shown in Fig.6.l(b) above. Fig.6.l(b) con-
tains a band at 175 cm-l and a weak feature at ca. 150 cm-l 
As the scattering angle is increased both band intensities, 
measured on an absolute scale, decrease and the estimation 
of the transition frequencies becomes less accurate due to 
I 
r-l 
r-l 
N 
TABLE 6.7 The relative values of Z(~)/M in equation 6.1 for the modes of cyclopropane 
complexes of Co(II) and Mn(II) in partially exchanged zeolite A 
symmetry of 'V Z(v)/Jl 'V Z(v)/).1 deuteration 
M(II)-C3H6 mode description for D atom of for D atom of shift 
I 'V 'V 
complex C3H6 C3D6 vD/vH 
T c3 torsion 2.2 1.9 0.873 z 
T and -r tilt 4.4 3.9 0.871 
c3v 
X y 
t symmetric stretch 1.0 1.0 0.935 
z 
t and t rock 2.0 2.0 0.935 
X y 
I 
T c2 torsion z 2.2 1.9 0.871 
T flap 
X 
2.2 1.9 0.871 
T antisymmetric stretch 2.2 1.9 0.873 
c2\(: y 
t symmetric stretch 1.0 1.0 0.935 
z 
t rock 
X 
1.0 1.0 0.935 
t wag y 1.0 1.0 0.935 
Z(~) =vibrational density of states at frequency~ cm-l 
J.1 = effective oscillator mass 
~ : 
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the increasing statistical spread of the data points. Both 
bands show a variation in frequency of ± 4cm-l over the Q range 
o-1 
studied (3.8 to 5.4 A for the ea. 175 cm-l band, 3.8 to 
5 . 7o-l_ -1 A for the ea. 150 em band). 
In dehydrated CoNaA and MnNaA, the only nuclei with non-
zero incoherent neutron scattering cross sections, cr. , are 1nc 
Co, Mn and Na(cr. = 5.2, 0.4 and 1.7 respectively) . 34 For lnC 
a given zeolite, the relative INS intensity of a mode involving 
motion of a :nucleus N is approximately proportional to 
no. of nuclei of type N per zeolite pseudo-unit cell 
0 inc x atomic mass of nuclide N 
provided that the force constants of the modes thus compared 
are equal. For co4Na4A, this expression is 0.35 for Co and 
0.30 for Na, while for Mn 3 . 6Na4 . 8A it is 0.03 for Mn and 0.36 
for Na. Although the t.o.f. spectra of dehydrated CoNaA 
show two bands (Fig.6.l(b)), no bands were observed in the 
corresponding spectra of dehydrated t1nNaA (Fig.6.14, Section 
6.5.7 below). It is likely that the difference between these 
spectra arises from the difference in a. between the Co(II) 1nc 
and Mn(II) ions. Thus we assign the bands at 175 and 150 cm-l 
in the t.o.f. spectrum of CoNaA (Fig. 6.l(b)) to rattling 
modes of the Co(II) cation. Since the cr. for the Na(I) lnC 
ions are similar for the two zeolites, we would expect any 
band due to displacement of the Na(I) ions to appear in either 
both or neither of the spectra of dehydrated MnNaA and CoNaA. 
Thus we rule out· the possibility that the 175 and 150 cm-l 
bands in the t.o:f. spectrum of dehydrated CoNaA are due to 
modes involving the Na(I) ions. 
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6.5.3 The b.f.d. spectrum of dehydrated CoNaA 
The spectrum, Fig. 6.8, shows considerable 
structure in the 400 to 750 crn-l region. These features 
are artifacts arising from problems associated with positioning 
of the beam stop which, it was later discovered, remained 
partially in the beam during the recording of the spectrum. 
The features are removed on subtraction of this background 
spectrum (Fig~ 6.8} from the spectra of the adsorption corn-
plexes. A band at 244 crn-l in the b.f.d. spectrum of CoNaA 
(Fig. 6.8} has al~o been observed in the spectra of a wide 
range of samples, both zeolitic and non-zeolitic, obtained 
on the DIDO b.f.d. spectrometer. Thus the feature at 244 crn-l 
is most probably an instrumental artifact. It is removed from 
the b.f.d. spectra of CoNaA plus adsorbed c3H6 (Section 6.5.6.} 
by the process of time normalisation, discussed in Chapter Three. 
The b.f.d. spectrum of dehydrated CoNaA shows a 
relatively intense band at 151 crn-l and a weaker band at 303 crn-l 
(Fig. 6.8}. The 151 crn-l band is assigned to unresolved in-
tensity from the two lattice modes which were observed at 150 
and 175 crn-l in the t.o.f. spectrum (Fig. 6.1 (b)}, and the 
-1 -1 303 ern band to thef~~st overtone of the 151 ern component. 
The major differences in the experimental variables 
behind the b.f.d. and t.o.f. spectra of dehydrated CoNaA (Figs. 
6.l(b}, 6.8} are.· as follows. 
1. The resolution of the b.f.d. spectrometer is poorer than 
that of the IN4 t.o.f. spectrometer. If the INS bands 
of CoNaA are intrinsically broad then the features which 
were resolved at 175(s} and 150(w} crn-l by the t.o.f. 
spectrometer may become merged in the b.f.d. spectra. 
-.;t 
.-i 
N 
Fig. 6.8 Beryllium.filter detector (DIDO b.t.d.) spectrum (77K) of dehydrated CoNaA zeolite, 
with no background subtracted. 
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2. The t.o.f. spectra are represented as P(a,S) versus 
energy transfer whereas the b.f.d. spectra represent 
S(Q,~) versus energy. On converting the function 
S(Q,~) to P(a,S), those bands arising at high energy 
transfers will apparently gain in intensity with res~ 
pect to those at lower energy transfers. However, 
this does not explain the frequency difference between 
the most intense band below 200 cm-l in the b.f.d. 
-1 -1 (151 em ) and t.o.f. spectra (175 em ) of dehydrated 
CoNaA. 
Of lesser importance than points (1) and (2) above are the 
following differences between the b.f.d. and t.o.f. experiments: 
3. t:.'he momentum transfer hQ, equivalent at 151 em -l to 
Q = 2.8R-l for the b.f.d. and 3.8 to 5.7R-l for the 
t.o.f. spectra; 
4. t~e temperature, 77K (b.f.d.) and 16K (t.o.f.); 
5. t.'he sample composition, co4 _1Na 3 . 8Al 12si12o48 (b.f.d.) 
and co4 _0 Na 4 _0Al11si13o48 (t.o.f.). 
None of these differences can fully explain the discrepancies between 
the t.o.f. and b.f.d. spectra of dehydrated CoNaA in the region 
-1 100 to 200 em (Figs. 6.l(b), 6.8). Both sets of spectra 
were obtained under conditions of neutron energy loss. The 
temperature difference cannot account for the absence of the 
higher frequency band (175 cm~ 1 ) in the b.f.d. spectrum, which 
was obtained at higher sample temperatures than the t.o.f. data. 
Also, the two lattice modes showed little, if any, dispersion 
in the t.o.f. spectra (e.g. Fig. 6.l(b)) and the small differ-
ence in sample composition is unlikely to have had such a 
pronounced effect. 
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The spectrum of a polycrystalline Al block obtained by 
35 
other workers on the DIDO b.f.d. spectrometer shows, in the 
region 100 to 350 cm-1 , two bands, at 177 cm-1 (s) and 294 cm-1 (m). 
Thus we can eliminate any possibility that the 151 cm-l band 
in the b.f.d. spectrum of dehydrated CoNaA (Fig. 6.8) is due 
to the Al sample can. Because the t.o.f. spectrum of de-
hydrated MnNaA contains no structure over the range ca. 0 to 
-1 ~1 220 em (Section 6.5.7), the band at 175 em in the t.o.f. 
spectrum of CoNaA (Section 6.5.2) must be due to the zeolite 
itself and not the Al sample can. 
Finally, we note that poor correlation between low fre-
quency b.f.d. and t.o.f. INS spectra of zeolitic species has 
36 37 been observed by other workers. ' 
6. 5. 4 The t .o. f .. B:pectra .of CoNaA+C 3H6 , 0. 9 rrolecules/supercage 
The t.o.f. spectra obtained at 16K for a coverage, 
8, of 0.9 molecules per pseudo unit cell are shown for 3 differ-
ent scattering angles, y, in Figs. 6.9 (a-c). The transition 
frequencies, ~' and band intensities, I;BS' obtained by fitting 
Gaussians to the 4 observed maxima are listed in Table 6.8. 
A small apparent variation in the frequency of each band with 
scattering angle reflects the precision of the curve fitting 
rather than dispersion. The largest frequency variation is 
7.8%, shown by the band arising at 47 em-~ for y = 92.3° and 
-1 0 51 em for y = 126 (Table 6.8, Figs. 6.9). This band is the 
most difficult to fit accurately, being the least well resolved. 
The energy resolution (~E/E0), of the IN4 spectrometer is 
approximately 2%. 
r-
.-i 
N 
Figs 6.9 T.o.f. spectra (16K) of CoNaA zeolite plus adsorbed c3H6 , coverage 0•9 molecules 
per pseudo-unit cell. The background spectra of the dehydrated zeolite have been 
subtracted • 
Fig 6.9a Scattering angle 68•3°. 
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TABLE 6.8 Assignment of the t.o.f. spectra of cyclopropane adsorbed in CoNaA zeolite (16K}, 
assuming c 3v symmetry for the adsorption complex 
Sample CoNaA + c3H6 (6 = 0.9} 
scattering 68.3 92.3 126.0 
angle, 0 
figure 6.9a 6.9b 6.9c 
assignment -1 2 ~-2 p p -1 2~-2 p p -1 2 ~-2 p v,cm Q I 10BS 1CALC v,cm Q, 10BS 1CALC v,cm Q I 10BS 
t and t 
X y 189 14.0 2.4 2.0 188 20.5 3.1 2.9 188 30.0 5.4 
'( and • 128 15.5 4.0 4.3 X y 128 24.7 3.9 5.1 131- 36.8 6.1 
'( 
z 
74 17.2 2.2 2.6 75 28.0 2.3 3.2 77 42.4 3.5 
t 
z 
50 18.0 1.0 1.0 47 29.8 1.0 1.0 51 45.0 1.0 
--
Notes 
p 1CALC 
4.5 
6.6 
4.1 
1.0 
v = band frequency, nQ = momentum transfer during the scattering event, r;BS = ratio of observed 
band intensities, I~ALC = ratio of calculated intensities. 
I 
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The highest frequency band in these t.o.f. spectra 
-1 0 (Figs.6.9) occurs at 189 em (y = 68.3 ) and the b.f.d. 
spectra (Figs. 6.12, 6.13; Section 6.5.6 below) show no bands 
ascribable to cyclopropane between 185 cm-l and the region of 
perturbed gas phase modes. The four bands observed in the 
t.o.f. spectra (Figs. 6.9) are therefore due to the six funda-
mental modes of adsorbed cyclopropane. The observation of 
four distinct bands as opposed to six indicates c3v rather 
than c2v symmetry of the Co-C3H6 complex and the relative INS 
intensities expected for a c3v complex can be predicted using 
equations 6.1 to 6.3. In order to carry out these calculations, 
we first need to estimate the total mean square displacement, 
2 'V 
<U (v)>, of the H atoms of the c3H6 adsorbate. As explained 
in Section 6.5.1, the plot of lniP against o2 for each INS 
band of adsorbed c3H6 is expected to be a straight line of 
gradient -<U2 (~)> given that the band arises from a fundamental 
p 2 (harmonic) mode. In Fig.6~lO we show the lni v.Q plot for 
each band in the spectrum of CoNaA+C 3H6 , e = 0.9. The points 
(Fig. 6.10) were fitted by linear regression to straight lines 
and the correlation coefficients of the fitting are listed in 
;'Fig. 6.10. The fitted lines are not good fits to the calcul-
a ted points which appear to lie on curves (Fig. 6.10) . There 
is a systematic deviation from linearity which arises from 
the fact that the observed intensities, obtained from the fitting 
of Gaussian curves, in a given spectrum are correlated. The 
gradients of the least squares lines are also listed on Fig.6.10. 
The value of ~uf(~)> thus obtained for.each mode is physically 
plausible and will be used to calculate the relative intensities 
of the INS bands of the intrazeolitic M(II)-C 3H6 complex for a 
N 
N 
N 
Fig. 6.10 A plot of ln Ip against Q2 for the INS spectra of CoNa+C3H6 , 
coverage 0.9 molecules Rer supercage, 16K (see fig 6.7). 
0 
' ', 
' ', 
' 
' 
-1·0 
lniP 
-2·0 
0-
-........-
' 
.......... --
-
.......... ""0...... 
+ .......... z128cm
1 
1' ..., ~. x&ty ->C-~·:-...-·. "' _,_ " 
' 
' .... 
' .... 
-........... ·- '\ ..... 
.......... -~ 
........... ~' 
............. \' 
IP= relative INS band intensity, nQ =momentum transferdurmg scattering event. 
The curves are drawn to guide the eye through the data points. The lines are 
least .squares fits to the points calculated tor each band. The correlation 
coefficients,L,of the fits are listed in the key. 
" ......... \' ', 
·-, 0 "\ 
.... 
' 
' .... 
-- ... ·-----'--,~-- ----
band 
.... 
.... 
' .... 
189cni1 
tx & ty 
line 
.... 
' 
' 
-~ 0-
......... ' 
·-......_"?-<7 75crii 11i! 
' .... 
.... 
'·\-.!' .......... 
\ ·- ........... 
~ ......... 
' .. 
' \ 
' Plottong symbol I frequency gradient :1: ' \ .... 
em 1 1.2 
' ' 
' \ 50 - 1 
+ 189 -O· 066 0·855 '~ em t;! ,, 
-3·0 I ----0 128 
-0·067 0·936 '\, 
75 ·0·056 0·915 \ ' - •• -··- X \ ', 
------- . 50 ·0·069 0·921 \ ' 
• \ ' 
10 20 30 z f.. -2 Q/ 40 50 
223 
particular adsorption geometry. Our justification for using 
2 ~ . these values of <U. (v)> (F1g.6.10) is the good correspondence 
1 
between 
below) . 
the observed and predicted INS band intensities (see 
2 ~ The magnitude of the <U. (v)> is discussed in Section 
1 
6.5.11 below. 
In Table 6.8 we list the relative intensities, I~ALC' 
calculated using equations 6.1 to 6.3 for a c3v adsorption 
complex of c3H6 with CoNaA zeolite. Because the equations 
give relative intensity values we have arbitrarily set the 
p 
observed, IOBS' and calculated relative intensities equal to 
unity for ·the lowest frequency band in the spectrum recorded 
at each scattering angle, y. Our assignment scheme is there-
p p 
fore tested by a comparison of IOBS and ICALC for the other 
three bands at each y. There is good agreement for the spectra 
recorded at scattering angles of 68.3° and 126.0°; although 
at y = 92.3° the degenerate.Tx and •y modes are less intense 
than predicted, an effect which we are unable to explain. 
That the agreement between the observed and predicted 
band intensities (Table 6.8) is no worse for a given band at 
high values of Q2 , i.e. high scattering angles, than at lower 
values indicates the presence of at most a small contribution 
to the observed intensities from overtone modes. 
-1 The predicted and observed intensities of the 189 em 
and 74 cm-l bands are about equal (Table 6.8). Their assign-
ment to the degenerate (t and t ) translations and the T 
X Y Z 
torsion respectively is corroborated by the following facts. 
1. In the INS spectra of benzene adsorbed by Nal3X and fully 
exchanged AgX zeolites the •z mode occurred at a lower 
38 frequency than the degenerate (tx and ty) modes. 
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+ + (The benzene was face-bonded to the Na or Ag cation).! 
2. For higher coverages of c3H6 within CoNaA, our INS data 
(Section 6.5.5 below) indicate the splitting of the T 
z 
torsion into unresolved in-phase and out-of-phase com-
ponents at frequencies below ca. 110 crn-l while the ca. 
-1 187 ern band remains largely unaffected. 
6.5.5 The t.o.f. spectrum of CoNaA+C3H6 , .coverage 6 = 1.8 
molecules per supercage 
The spectrum (Fig.6.11) shows two broad bands 
. -1 -1 
centred at 181 and 123 ern . Below ca. 110 ern , the spectrum 
is unresolved and a single, very broad shoulder is observed. 
The shoulder is irregular in shape and appears to contain con-
tributions from several unresolved bands at frequencies below 
. -1 -1 110 ern , e.g. at c.a. 105, 90 ern . 
Compared with the lower coverage spectra (Fig.6.9), 
the high coverage spectra (Fig.6.ll) shows an increase in 
-1 intensity in the c.a. 80 to 120 ern region. In the lower 
-1 
coverage case (6 = 0.9), two bands were observed below 110 ern 
at 74 crn-l (T ) and at c.a. 50 crn-l (t ) (Fig. 6.9). 
. z z 
The loss 
of· resolution in this frequency region of the 6 = 1. 8 spectrum 
tag. 6.11) is most likely caused by splitting of the T torsion 
z 
to.: in-.Pbaie.~and o~t:'cl~J,m.fficornponents through non-bonding inter-
actions between cyclopropane molecules adsorbed within the 
same a-cage. A similar effect has also been observed for 
39 40 38 
acetylene , ethylene and benzene adsorbed in AgX zeolites, 
although in these cases the bands due to the in-phase and 
out-of-phase components of the Tz torsion of coadsorbed mole-
cules were resolved. The intermolecular interactions between 
c3H6 molecules are discussed further in Section 6.6.2. 
L{') 
N 
N 
Fig 6.11 T.o.£. spectrum (16K) o£ CoNaA zeolite plus adsorbed c3H6 , coverage 1•8 molecules per 
pseudo-unit cell. A background spectrum o£ the dehydrated zeolite has been subtracted. 
Scattering angle 83.1°. 
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The bands at 181 and 123 cm-l in the spectrum of 
CoNaA+C3H6 , e = 1.8 (Fig.6.11), are assigned to the degenerate 
(t and t ) and the (T and T ) modes, respectively. X y X y These 
modes were observed at 189 and 128 cm-l respectively in the 
lower coverage spectrum (Section 6.5.4). 
6.5.6 The b.f.d. spectra of CoNaA + c3H6 
The b.f.d. spectra obtained at 77K for coverages 
of 0.7 and 3.0 molecules per supercage are shown in Figs. 6.12 
and 6.13 respectively. The major reason for obtaining these 
data was to look for any additional modes due to adsorbed c3H6 
at frequencies higher than those observed using the IN4 t.o.f. 
spectrometer (Sections 6.5.4, 6.5.5) but below the frequencies 
of the internal vibrations. 
In both spectra (Figs. 6.12, 6.13) a shoulder occurs 
at 185 cm-l (very weak in the low coverage spectrum). The 
degenerate tx and ty modes were observed at this frequency in 
the t.o.f. data (Fig. 6.9) and therefore we have observed modes 
due to adsorbed cyclopropane in the J;;~f.d.- s~ctra· (Figs.6-.12,13). 
Below 185 cm-1 , there is poor correspondence between the b.f.d. 
and t.o.f. spectra of CoNaA + c3H6 . This may arise, in part, 
from the inferior resolution of the b.f.d. spectrometer. The 
-1 discrepancy between the low frequency (<185 em ) part of the 
b.f.d. spectra (Figs. 6.12, 6.13) and the t.o.f. results (Fig.6.9) 
has been previously observed in other INS studies. 36 , 37 
-1 The bands at or above 749 em in the b.f.d. results 
(Figs. 6.12, 6.13) arise from perturbed internal modes of the 
In the low coverage results, a band centred 
1 ( -1 at 805 em- contains unre~olved intensity from the v7 854 em ) 
("' 
N 
N 
Fig. 6.12 Beryllium filter detector (DIDO b·.f'.d.) spectrum '(??K) of Co.NaA zeolite plus 
c3H6 , coverage 0.7 molecules per supercage. A background spectrum of the 
dehydrated zeolite has been.'subtracted~ 
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and v11 (869 cm-
1 ) internal modes, the frequencies in brackets 
being those reported for c3H6 in the gas phase (Table 6.1). 
-1 -1 The weaker band at 749 em is assigned to the v14 (739 em ) 
In the higher coverage case (Fig.6.13) 
the bands due to the perturbed internal modes arise at 757 
-1 
and 805 (broad) em ~ -1 The apparent shift of 8 em of the 
757 cm-l band with increasing coverage is within the error of 
ca ± 16 cm-l (corresponding to two data points of Figs. 6.12, 
6.13) associated with the measurement of the band centres. 
The most important feature of the two b.f.d. spectra of 
CoNaA + c3H6 (Figs. 6.12, 6.13) is the absence of bands between 
-1 185 and 749 em . Thus our tenet (Section 6.4) that there are 
only four INS bands due to the external modes of c3H6 adsorbed 
on CoNaA is justified. This number of INS bands is consistent 
with a Co-C3H6 complex of c3v symmetry but inconsistent with 
what would be expected for a c2v complex. 
6.5.7 The t.o.f. spectrum of dehydrated MnNaA 
The t.o.f. spectrum of dehydrated Mn 3 _4Na 5 _2A is 
devoid of any resolved features (Figs. 6.14(a), (b)). These 
figures illustrate the effect of subtracting a flat baseline 
from the corrected number of scattered neutron counts before 
the calculations of P(a,S) -the spectrum after this subtraction 
(Fig. 6.14(b)) shows unresolved intensity over the region 40 
to 200 cm- 1 which is not readily apparent in the uncorrected 
data (Fig . 6 . 14 ( a) ) . 
h f (1 ) f d h d d 3.6 4.8 T e t.o .. spectrum OK o e y rate Mn Na A 
was also obtained. It is very similar to that of Mn 3 _4Na 5 _2A 
(Fig. 6.14) and therefore not shown. 
0 
("'I") 
N 
Fig. 6.14a T.o.f. spectrum (lOK) of dehydrated MnNaA zeolite, scattering ang-le 64.5°. 
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The lack of bands in the dehydrated MnNaA spectrum (Fig.6.14) 
contrasts with the spectrum of dehydrated CoNaA (Fig.6.l{b)) 
which shows bands :aue:;cto zeolite lattice modes involving dis-
placement of Co nuclei. The reason for the difference in the 
spectra of the two M(II)NaA zeolites was discussed in Section 
6.5.2. 
6.5.8 The b.f.d. spectrum of dehydrated MnNaA 
The b.f.d spectrum obtained at 77K of dehydrated 
Mn 3 _4Na 5 _2A is shown in Fig. 6.15. The features observed in 
the region 400 to 750 cm-l and the weak band at 244 cm-l are 
instrumental artifacts. Similar features were observed in 
the b.f.d. spectrum of dehydrated CoNaA (Fig. 6.8) and their 
origin is discussed in Section 6.5.3. There is a very weak 
-1 band at 159 em in the b.f.d spectrum of MnNaA (Fig. 6.15) 
which was not observed in the t.o.f. spectra (Fig.6.14) re-
corded at lOK. A similar discrepancy was observed between the 
t.o.f. and b.f.d. spectra of dehydrated CoNaA (Figs. 6.l{b), 6.8) 
and possible reasons are discussed in Section 6.5.3. In view 
-1 
of the weakness of the 159 em band in the MnNaA b.f.d. spectrum 
(Fig. 6.15), it is likely to give only very weak intensity, if 
any, in the t.o.f. spectra (lOK) of MnNaA plus adsorbed cyclo-
propane (the latter data are discussed in Section 6.5.9). 
6.5.9 The t.o.f. spectra of MnNaA + cyclopropane 
In this section we shall refer to cyclopropane-h6 
by nc 3
1H6
11 and use 11 C3H6
11 to denote both cyclopropane-h6 and 
cyclopropane-d6 . 
The t.o.f. spectra obtained at lOK from MnNaA+c 3
1H6 
(coverage e = 1.2 molecules per supercage) and of MnNaA + c 3D6 
(""') 
(""') 
N 
Fig. 6.15 Beryllium filter. detector (DIDO b.f.d.) spectrum of dehydrated MnNaA zeolite at 
77K, with no background su·btracted. 
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(two coverages, 8 = 1.5 and 2.3) are shown in Figs. 6.16 to 6.18. 
The spectrum of each sample is presented for three scattering 
angles. Tables 6.9 and 6.10 list the transition frequencies 
and band intensities obtained from the Gaussian curve fitting. 
The spectrum of MnNaA + c3
1H6 at 63.6° (Fig. 6.16(a)) shows 
three prominent bands at 149, 111 and 33 cm-l In addition, 
there is some structure in the region 50 to 100 cm-l which is 
reproduced at all scattering angles (Figs. 6.16(a)· to (c)), 
suggesting the presence of additional, unresolved features. 
The intensities and width of this region are too great to have 
arisert from a single band and we have here fitted (Figs.6.16(a) 
to (c)) two Gaussian curves. Although this gives an accept-
able fit to the data points, there is no unique fit (Section 6.2) 
and we cannot entirely preclude the possibility that there are 
-1 
more than two bands in the 50 to 100 em region. Thus a total 
of five bands were fitted to the MnNaA + c3
1H6 t.o.f. spectra 
(Fig. 6.16). For the same reasons, five bands have been fitted 
to the spectra of adsorbed c3n6 (Figs. 6.17, 6.18). 
6~~9~a)The assignment of the MnNaA +cyclopropane 
t.o.f. spectra 
The b.f.d. spectra of MnNaA + c3
1H6 (Section 6.5.10 below) 
show that all the external modes of adsorbed c3
1H6 occur at or 
below 142 cm-1 , within the energy transfer range of the t.o.f. 
spectrometer. Nor are there any strong bands in the spectra 
of dehydrated MnNaA from ca. -1 1 to 177 em (Figs.6.14,6.15). 
Thus the five curves fitted to the t.o.f. spectra (Figs. 6.16 
to 6.18) represent, to a first appEoximation, all the bands 
due to the external modes of the adsorbed c3H6 . 
complex adopted c2v symmetry, one would expect six bands in 
the t.o.f. spectra, or four bands in the case of c3v symmetry. 
11) 
("'") 
N 
Figs 6.16 T.o.f. spectra {10K) of MnNaA zeolite plus adsorbed c3H6 , coverage 1•2 molecules per 
pseudo-unit cell. The background spectra of the dehydrated zeolite have been subtracted. 
Fig 6.16a Scattering angle 63.6°. 
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Fig 6.17a Scattering angle 64•5°. 
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""' N TABLE 6.9 Assignment of the t.o.f. spectra of cyclopropane-h6 , adsorbed in MnNaA zeolite (lOK), 
assuming c 3v symmetry for the adsorption complex 
sample MnNaA+C3H6 , 8=1.2 63. 6\) 88.9v 136.lv 
scattering 
angle, 0 I ' 
--figure 6.16a 6.16b 6 l6c 
assignment 1 Q2,~ 2 p p 1 Q2,~ 2 p p v, em .J Q2,~ 2 p p v,cm IOBS I CALC v,cm IOBS I IOBS I CALC calc 
t and t X y 149 10.0 1.7 1.7 148 15.6 1.8 2.1 149 25.2 3.1 3. 0 
, and ' X y 111 10.6 2.0 4.8 111 17.8 2.1 4.1 111 30.2 2.9 5.1 
1' ( a 11.3 1.2 2 .la 82 19.4 0.9 a 83 33.6 1.8 2.7a z ( 82.) 2. 4 t 
+ ( 
( 53a c 12.1 1.6 2. of< 57 20.4 1.6 2 .oa .. 54 36.8 1.7 2 .0~ 
? ( 
t 33 12.7 1.0 1.0 33 22.3 1.0 1.0 32 39.2 1.0 1.0 
z 
----- ---- '-- -- -- - ---- ----- ------ --L___ - ------
Notes 
v band frequency, nQ = momentum transfer during the scattering event, I~BS = ratio of observed 
band intensities, I~ALC = ratio of calculated band intensities 
a. The spectrum was unresolved in this region and was approximately fitted to two Gaussian curves, 
one of which was assigned to 1' , the other remaining unassigned. It could not be determined 
z 
which fitted curve was best assigned to 'z· The value of I~ALC for each of these two bands 
refer to that calculated for a ' mode arising at the given frequency. 
z 
L() 
..r 
N 
TABLE 6.10 Assignment of the t.9.f. spectra of cyclopropane-d6 adsorbed in MnNaA zeolite (lOK)·~ 
assuming c 3 v symmetry .for the adsorption complex 
sample MnNaA+C 3D6 (8= 1.5) 
scattering 0 
anglel 0 64.5°. 92.3° 137.3 
fiaure 6.17a 6.17b 6.17c 
~ss1gnment ~1 2 o~2 P · P . -1 \2o~2 P P _-1 2 o-2 P Pl · 
v 1 em Q 1 A IOBS I CALC v 1 em· · Q 1 A · IOBS I CALC v' em Q 1 A IOBS I CALC-
. tx and ty· 149 13.6. · 1.·6 2.6 149 23.4. 3.4 4.5 147 37.9 6.1 9:.7" ! 
' T and 1- 99 14. 8 1. 2 · 4. 7 102 26 • 3 2. 0 7. 2 99 43. 8 3. 4 1.3:. 3· , 
.X y 
T ( . . 
+ z ( 6 7 a 15 . 8 0. 9 2 . 5 a 6 7 2 8. 6 2 . 6 . 3 . 9 a · 6. 7 4 7 . 3 2 • 7 7 .. 0 a. ' 
?" ~- 46a 16.4 0.8 2.4a 45 29.9 1.0 3.3a 44 . 49.9 1.5 s.oa 
t 30· 16.9 1.0 1.0 34 30.1 1.0 1.0 29 51~5 1.0 1.0 
z ' 
sample M~NaA+c3o6 (8= 2.3) 
scattering 64. So 92. 3o - 137.30 
angle o. ' f ·~· I 6.18a 6.18b 6.18c 1~..~ure , 
. . -1 2 o-2 · P . P . ,...1 2 o~2 P P · -1 2 o-2 P . p::> 
ass1gnment vI em Q I A r 088 ICALC v 1 em Q I A r 088 I CALC v 1 em Q 1 h... r 088.. I.CALC' 
tx and ty 146 .· 13.6 5.1 1.5 145 23.6 · 6.4. 1.9 145·.· 38.2 7.4·. , 2.~ .. 3· \. 
T · and T ·· ·100. 14.8 2.1 3.2 100 . · 26.5 2.5 3.6 97 44.0 2.:Ti ,.4'.3 \I X y . 
T ( a . a . . 1 3a : 1 ,a~ : 
z ( 69 15.7 1.9 .1.8 68 . 28.4· 2.3 · 69. 47.2 1.5.: · L •. E l 
+ ( a . a . · · a at i 
? ( 4 8. 16 . 3 1 • 3 1 . 8 . 4 7 2 9 . 7 1 . 8 1 . 9 4 9 4 9 . 4 1. s: L •. 9 I 
. .-: tz 32 16.8 1. o 1. o 35 3o. s 1. o l. o 32 . s.l. 2 1. O.· E.,o:: _ } 
Not~ a: . P·lease s.ee footnote (a) of table 6. 9 
-
.• 
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Because of the overall similarity between the t.o.f. spectra 
of c3
1H6 adsorbed on MnNaA and CoNaA zeolites (Figs.6.16, 6.9), 
we consider that the Mn-C 3H6 complex is of c3v symmetry. The 
question of the fifth, additional INS band is discussed below. 
We will use equation 6.1 to predict the relative intensities, 
IP, of the INS bands of the c3v adsorption complex, assuming 
that the bands arise from the fundamental modes of harmonic 
oscillators. The plots of ini~BS against o2 used to obtain 
the Debye-Waller factors for Hand D of the c3
1H6 and c3n6 
adsorbates are shown in Figs. 6.19 to 6.21. The numerical 
2 'V . 
values of the <U. (v)> obta1ned (Figs. 6.19 to 6.21) are dis-
l 
cussed in Section 6.5.11. 
The relative INS band intensities calculated using these 
values for c3H6 adsorbed in MnNaA zeolite are listed in Tables 
6.9 and 6.10. In these tables, the bands fitted at 82 and 
-1 l -1 ca.-, 53 em (c 3 H6 , Table 6.9) and at ca. 69 and 48 em 
(c3n6 , Table 6.10) are taken to represent unresolved intensity 
from the Tz mode of adsorbed c3H6 and some other, unassigned 
mode. The calculated intensity listed for each of these bands 
refers to the relative band intensity which would be given by 
a pure T mode arising at that frequency. 
z 
For this sample, there is excellent agreement between 
the observed and predicted relative intensity of the 149 cm-l 
band (Table 6.9). The fitting of five bands to the spectrum 
p -1 has reduced the IOBS of the lll em band in favour of the 
-1 intensity of the 82 and 53 em bands. This comment also 
applies to the three middle frequency bands of the c3n6 data 
(Table 6 .10) . 
r-
"<1' 
N 
Fig. 6.19 A plot o~ ln Ip against Q2 for the the INS spectra of MnNaA+C3H6 , 
coverage 1.2 molecules per supercage, lOK (see fig.6.16 )o 
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Fig. 6.20 A plot of ln Ip against Q2 for the INS spectra of MnNaA+c3n6 , 
coverage 1. 5 molecules per supercage, lOK (see fig. 6 ·l7. ) • 
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Fig. 6.21 A plot of ln Ip against Q2 for the INS spectra of MnNaA+C3o6 , 
coverage 2. 3 molecules per supercage, lOK (see fig. 6 -18 ) • 
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(ii) MnNaA + c3n6 , 6 = 2.3 
The trends with frequency and o2 of the observed 
p . -1 
band intensities, lOBS' of the ca. 100, 69 and 48 em bands 
p 
are reproduced by the calculated values, ICALC (Table 6.10). 
. -1 
The ca. 146 em band is observed to be very much more intense 
than calculated for the degenerate t and t fundamentals. 
X y 
This band is also of much greater intensity than those at lower 
frequencies. We can calctilate the contribution to the observed 
-1 intensity of the 146 em band from the first overtone of the T 
mode, which for these purposes we assume to have a fundamental 
frequency of 69 cm-l (2 x 69 = 138 cm-1 ). If I(t +t ) is the X y 
calculated intensity of the 146 cm-l band and I(2T
2
) is that of 
the first overtone of the T mode at 138 cm- 1 , then from 
z 
Chapter Two: 
where the subscript 1 denotes quantities appertaining to the 
t + t band and subscript 2 to 2T ; 
X y Z 
'V . "' -1 Z(v1 ) 1s the vibrational density of states at frequency v1 em 
~l and ~ 2 denote the reduced masses of the oscillator, equal to 
0.1250 and 0.2378 amu respectively; 
'V 
v1 is the frequency of the tx + t band (146 cm-
1 ); y 
'V 
v 2 is the frequency of the T fundamental (69 cm-
1 ) 
z 
and 
its angular frequency; 
is the momentum transfer at 146 cm-l (Table 6.10); 
-1 is the momentum transfer for the 2T overtone at 138 em 
z 
is equal to 13.8, 24.0 and 39.0~- 2 for scattering angles 
of 64.5, 92.3 and 137.3° respectively; 
z 
and ra + 1 
exp (.fic~/(2KB.T)) 
= 2sinh(Ec~/(2KBT) 
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-1 
where c in cm.s is the velocity of light, T the absolute 
temperature and KB is Boltzmann's constant. Anticipating 
Section 6.5.ll(c) below, we make the approximation that the 
D atoms of adsorbed c3n6 behave as isotropic oscillators and 
take <U 2 > = 65 x 10- 3 ~2 for both the 2T
2 
overtone and the 
tx and ty fundamentals. For scattering angles of 64.5, 92.3 
0 
and 137.3 (Table 6.10), we calculate the intensity ratio 
I(t +t )/(2T ) in the MnNaA + c3n6 (8=2.3) spectra to be equal X y Z 
to 10.7, 6.2 and 3.9, respectively. Thus the contribution to 
the intens1ty of the 146 cm-l band in the MnNaA + c3D6 (8=2.3) 
spectra (Table 6.10) from 2T is calculated to increase markedly 
z 
as the scattering angle is raised. However, the discrepancy, 
p p 
of a factor of aa 3.4, between the values of IOBS and ICALC 
for the 146 cm-l band of this sample remains approximately 
constant with scattering angle (Table 6.10, lower half). 
-1 Therefore, the high observed intensity of the 146 em band in 
the MnNaA + c3n6 (8=2.3) spectrum (Table 6.10) does not arise 
from a large contribution from 2T . 
z 
We are unable to completely 
explain the intensity of the 146 cm-l band. 
(iii) MnNaA + c3D6 , .8 = .1.5 
The agreement between the observed and calculated 
band intensities (Table 6.10) is poor. This can be ascribed 
to the poor statistics of the t.o.f. spectra (Figs. 6.17) -
the fitted band intensities I~BS are subject to possible large 
p 
errors. This also affects the values of ICALC since the 
estimated values of <U 2 > (equation 6.1) are not as reliable as 
for the other zeolite/C3H6 samples. It is because of errors 
252 
2 p in <U > that the !CALC for bands at approximately equal 
frequencies in the low and high coverage MnNaA + c3n6 data 
are dissimilar in several cases (Table 6.10). 
At the highest setting angle, 137.3°, the observed 
intensities of the low frequency bands are considerably 
reduced by the high values of o2 - c.f. Figs.6.17 and 6.17(c). 
Thus the largest errors in the curve fitting arise for three 
p p 
bands, and the discrepancies between the lOBS and !CALC is 
greatest for the 137.3° spectrum. 
(b) The deuteration shifts of the intraz.eoli te Mn-C3H6 complex 
The observed deuteration shifts of the bands in the t.o.f. 
spectra of the Mn-C 3H6 complex are given in Table 6.11 along 
with those calculated for a complex of c3v symmetry. Since 
there is no systematic variation of the frequency of the INS 
bands with scattering angle, the observed shifts were calculated 
by taking the average value of the quantities 
and where "min" refers.to 
the lowest frequency of the band in the spectra at all three 
scattering angles of a given mode of a given sample (Tables 6.9, 
6.10), and "max" refers to the highest frequency. The tabul-
ated errors in the deuteration shifts are simply the difference 
between this average value and \fD,min/vH,max (Table 6.11). 
Since the deuteration shifts calculated for the torsions of 
both a c3v and a c2v complex are of the same magnitude, and 
smaller than the shifts of the translational modes (Table 6.7), 
these shifts cannot be used on their own to determine the ad-
sorption geometry. However, the shifts for MnNaA+C3H6 are 
consistent with our assignment under the c3v point group of 
the observed bands (Table 6.11). 
253 
TABLE 6.11 The deuteration shifts of the bands in the t.o.f. 
spectra of cyclopropane adsorbed in MnNaA zeolite (lOK) 
The spectra are shown in Figs.6.16 to 6.18 and summarised in 
Tables 6.9 and 6.10. 
calculated 
observed deuteration shift deuteration mode 
shift 
VD' 6 = 1.5 VD' 6 = 2.3 ( vn; vH) VH' 6 = 1.2 VH' 6 = 1.2 
1.00 ±0.01 1.00 ±0.01 o.94 t and t 
X y 
0.91 ±0.01 0.89 ±0.01 o.87 t and t 
X y 
0. 812 ±o. 005 o.83 ±O.OlJ a 
o.87 T and ; 
0.82 ±0.05 0.87 ±o.o5 z 
0.95 ±0.07 1.00 ±O.o9 0.94 t 
z 
.. 
6 = surface coverage of c 3
1H6 or c 3n6 in molecules per supercage 
The deuteration shifts are those calculated for a c 3v adsorption 
complex. 
Note a. The listed deuteration shift refers to the T 
z 
component only of an unresolved feature in this region of the 
spectra. 
(c) The 50 to 100 crn-l region of the MnNaA + c 3 1H6 t.o.f.spectra 
The unresolved intensity in the 50 to 100 crn-l region of 
the MnNaA + c 3
1H6 spectra (Fig.6.16, Table 6.9) has been ascribed 
to the 'z mode of adsorbed c 31H6 and some other transition of 
about equal intensity (Section 6.5.9 (a) (i)). Although two 
-1 bands, at ca. 82 and 53 ern , have been fitted to this region, 
there exists no unique fit to the data and we have not assigned 
the 
'z 
mode to either band. We do state that the 
'z torsion 
of Mn-c3
1H6 in the 82 to 53 
-1 The transition occurs range ern 
which is unresolved from T 
z 
remains unassigned. It is unlikely 
to be an overtone of the tz mode, the fundamental of which 
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-1 0 1 
occurred.at 33 em 1n the spectrum of MnNaA+c 3 H6 (Fig.6.16, 
Table 6.9}. We have rejected this explanation since the over-
tone was not observed in the CoNaA + c 3 1H6 t.o.f. spectra 
(Fig.6.8}. A second explanation of the unassigned transition 
is that the 82 and 53 cm-l bands arise from splitting of the 
T
2 
mode through interaction of cyclopropane molecules adsorbed 
within the s~me supercage, as was observed in the high coverage 
t.o.f. spectrum of CoNaA + c 3 1H6 (6 = 1.8, Fig. 6.11}. However, 
this explanation must also be rejected, on intensity grounds. 
For example, the coverage of 6 = 1.2 used for the spectrum of 
MnNaA + c 3
1H6 (Figs.6.16} is too low for these so-called
42 
correlation field effects to have given rise to the strong 
-1 but unresolved intensity in the region ca. 50 to 80 em 
Similar considerations apply to the ca. 80 to 45 cm-l 
region of the MnNaA + c 3n6 t.o.f. results, to which two bands 
at about 67 and 46 cm-l were fitted (Figs. 6.17, 6.18, Table 6.10}. 
(d) Summary of the assignment of the MnNaA+C 3H6 t.o.f. spectra. 
By analogy with the CoNaA+C 3H6 data (Section 6.4.4}, the 
t.o.f. spectra of cyclopropane adsorbed on MnNaA zeolite (Figs. 
6.16 to 6.18} have been assigned taking the symmetry of the 
adsorption complex to be c 3v. Given the lack of resolution 
-1 1 in the 50 .to 100 em region of the MnNaA+C 3 H6 spectra, the 
resulting assignment scheme is not inconsistent with the ob-
served results. 
6. 5 .10 The b. f. d. spectrum of MnNaA + c 3H6 
'~ The b.f.d. spectrum obtained at 77K for a coverage 
of e = 1.8 molecules per supercage is shown in Fig. 6.22. A 
l.{') 
l.{') 
N 
Fig. 6.22 Beryllium filter detector (DIDO b.f.d.) spectrum (77K) of MnNaA zeoli~e plus 
c3H6 , coverage 1.8 molecules per supercage. A background spectrum of the dehydrated 
zeolite has been subtracted. 
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-1 . 
strong band at 142 em 1s assigned to the degenerate t and 
X 
-1 ty modes of adsorbed c3H6 which occurred at 149 em in the 
t.o.f. results (Fig. 6.16). A broad feature with peaks at 
92 and 117 cm-l in Fig. 6.22 must contain a significant con-
tribution from the degenerate ~x and Ty modes of adsorbed c3H6 
which were observed at lll cm-l in the t.o.f. spectra (Fig.6.16). 
There is a poor correspondence between the b.f.d. (Fig. 6.22) 
and t.o.f. (Fig.6.16) spectra of MnNaA + c3H6 at and below 
-1 
ca. 142 em . Similar discrepancies were observed between 
the b.f.d. and t.o.f. spectra of CoNaA + c3H6 and possible 
reasons were discussed in Section 6.5.6. The same arguments 
will apply to the MnNaA + c3H6 data. 
A broad band at 790 cm-l in Fig. 6.22 is assigned to un-
resolved intensity from the perturbed internal modes v 7 and 
v11 of adsorbed c3H6 and a weak shoulder at 757 cm-l to the 
v14 mode. (The frequencies of these modes in the gas phase 
are: 
-1 -1 -1 
v 7 , 854 em ; v11 , 869 em ; v14 739 em (Table 6.1)). 
This region of the b.f.d. spectrum is very similar to that 
observed for CoNaA + c3H6 (Section 6.5.6). 
A b.f.d. spectrum of MnNaA + c3H6 was obtained at 77K 
for a lower coverage of 8 = 0.9. This spectrum also showed 
the bands at 92, 117 and 142 cm-l No other bands were ob-
-1 
served, the statistics above 750 em being poor. We have 
not shown this spectrum since it is so similar to the high 
coverage case. 
The most important aspect of the b.f.d. spectra of 
MnNaA + c3H6 (Fig. 6.22) is the absence of bands between 142 
and 790 cm-l Thus all the external modes of adsorbed c3H6 
lie within the frequency range of the t.o.f. spectra (Fig.6.16). 
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6.5.11 The mean square displacements of the atoms of 
cyclopropane adsorbed in MnNaA and CoNaA 
Firstly, we discuss the errors in the values of 
the <U~(~)> estimated from our INS spectra for the H (or D) 
l 
atoms of adsorbed cyclopropane. The errors are difficult to 
quantify since they depend on the accuracy of the fitting of 
Gaussians to the observed spectra. 
(a) Adsorbed cyclopropane-h6 
For c3
1H6 adsorbed at low coverage in CoNaA, and in 
2 ~ MnNaA, there is a variation of ca. 23% between the <U. (v)> 
l 
for the modes of each sample (Figs. 6.10, 6.19). This var-
iation is unlikely to be greater than the errors in the deter-
mination of <U~(~)> based on the Gaussian curve fitting to the 
l 
experimental data. Taking <U~(~)> to be independent of fre-
1 
quency within the accuracy of our measurements, we obtain from 
p 
the lni v. Q2 plot for the INS spectra of CoNaA + C3H6 at 16K 
(Fig. 6.10) unweighted average value of 2 for the H an <U.> 
l 
of 0.06522 . Similarly, the value of 2 for atoms average <U.> 
l 
the H atoms of MnNaA + c3H6 at lOK is o.o5o2
2
• (the T mode, 
z 
which was not definitely assigned, is not included in this 
average) . 2 These averaged· values of <UH> represent experimental 
values of the total mean square displacement of an isotropic 
oscillator (Section 6.5.1). The value of <U~> for adsorbed 
cyclopropane will contain contributions from the internal and 
external modes of the c3H6 and from those zeolite lattice modes 
which displace the H atoms. We reiterate that by the term 
external modes we mean the hindered rotations and translations 
of the molecule. The contribution from the zeolite lattice 
43 
mode arises because the following conditions apply 
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(1) there is no large difference in frequency between the 
external modes and the lattice modes; 
(2) the Debye frequencies, iwD' of the M (II) NaA+C 3H6 samples 
are not known, but the t.o.f. spectra (Figs. 6.16 to 6.18) 
were obtained at temperatures for which it is very likely 
that KBT .:::, hwD' where KB is Boltzmann's constant and 
T the absolute temperatur-e-:.' 
. ,." -
(b) Adsorbed cyclopropane-d6 
The wide variation in the estimates of <U~(~)> (Fig.6.20) 
1 
for the low coverage of c 3n6 on MnNaA results from the modest 
statistics of the data in the t.o.f. spectrum (Fig.6.17), a 
consequence of the small incoherent inelastic neutron scattering 
cross section of the D nucleus. The same considerations apply 
to the differences in the <U~(~)> for the modes of adsorbed 
1 
c 3n6 at a given coverage (Figs. 6.20, 6.21) as to those of 
adsorbed c 3 IH6 (Section 6.5.ll(a)). Applying the isotropic 
approximation to the D atoms MnNaA + c 3n6 we obtain an average 
value of <U2> D of 0.0252
2 
at low coverage and 0.02822 at high 
coverage (the T mode is excluded from these averages, see 
z 
Section 6.4.11 (a)). 
increasing coverage 
with those values. 
the 2 'V <U.(v)> 
1 
for the 
of adsorbed c31H6 I 
(c. f. Figs. 6.19 to 
The change in the value of <U2 > on D 
is probably within the errors associated 
For both coverages of C3D6' the values of 
D nuclei are less than those of the protons 
as expected for the more massive deuteron 
6.21). 
(c) A comparison of the total square displacements of adsorbed 
cyclopropane obtained by X-ray and INS techniques 
It is our purpose in this section to compare the total mean 
2 . 
square displacements <Ui> of the atoms of adsorbed c 3H6 as 
259 
estimated from the X-ray diffraction results of Seff 20 with 
those from our INS spectra. As with our INS results, the 
2 
values of <U.> obtained from diffraction results contain con-
1 
tributions from all modes of vibration displacing the atom 
of type i. Because the values of <U~> obtained via the two 
1 
routes refer to different sample conditions and different atoms 
(see below}., we can only check whether or not they are mutually 
consistent. 
44 Using standard methods, we have evaluated the 
mean square displacement matrix Be of the C atoms of adsorbed 
c 3H6 from the anisotropic temperature coefficients published 
by Seff. 20 We find 
± 0.045 0 0 
~c = 0 0.410 ± 0.087 0 ~2 
0 0 0 .. 410 ± 
The overall B-factor, B~so, represents an effective value of 
the mean square displacement of an atom in the isotropic 
. t' 44 approx1ma 1on 
1 3 Trace ~c 
From the X-ray data, 20 Biso = 0.305 ± 0.073~2 for the C atoms c 
of MnNaA + c3H6 at 299K. From our INS data (Section 6.4.ll(a)) 
we obtain an isotropic average value for the H atoms of 
This is inconsistent with 
the value of B~so above, which is greater by a factor of six. 
The difference between the two estimates of the mean square 
atomic displacements arises from the following·fact~rs. 
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(1) The INS values refer to the H atoms, the X-ray values 
to the C atoms,of the c3H6 adsorbate. However, we would 
expect <U2 > to be greater for H than the more massive c, 
under the same conditions. 
(2) -Temperatur~ dif:!=erence -_e?<!?ts ·.between·. the X-ray (299K) and 
INS experiments (lOK) . However, the factor of six 
between the two estimates of <U 2 > is probably too great 
to have been entirely caused by this. 
(3) The most likely cause of the discrepancy between the INS 
and diffraction estimates of <U2 > is the modest statistics 
of the diffraction data (Section 6.3). The large value 
iso · 
of Be (above) is a reflection of poorly located atoms in 
the X-ray experiment. 
From the X-ray data of Seff, 20 we calculate that 
at 299K 
0.096 ± 0.039 0 0 
~c = 0 0.435 ± 0.083 0 
0 0 0.435 ± 
and 
o.322 ± o.o65 R2 
for the C atoms of c3H6 adsorbed in CoNaA. The unweighted 
average isotropic value of <U2 > for the H atoms of CoNaA+C 3H6 
at 16K is, from our INS spectra (Section 6.5.ll(a)), equal to 
0.065R2 , a factor of five less than B~so. Our comments above 
on the discrepancy for MnNaA + c3H6 also apply here. 
(d) The contribution of the external modes of adsorbed 
c3
1H6 to the total mean square displacement of the 
H atoms 
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If <U~> represents the total mean square displacement 
of the H atoms due to all the modes of vibration of adsorbed 
c3
1H6 , in the isotropic approximation, and <U~(~)> the mean 
. ~ 
square amplitude of the H atom 1n a mode of frequency v, we 
may write: 
2 
<U > = H 
... 2 (~ ) <u v > H L ( 6. 4) 
where the subscript I is an index for the internal modes of 
the zeolite lattice modes. For a simple harmonic oscillator 
2 ~ 
undergoing a fundamental mode, the value of<u (v)> is given 
by45 
2 ~ 
<u ( v) > 16.759 = 
The symbols were defined in Section 6.5.1. 
( 6. 5) 
2 ~ Values of <u (vE)> 
calculated from equation 6.5 are listed in Table 6.12. 
Consider a proton of the methylene group of adsorbed c3H6 
whose C atom lies on the y-axis of Fig. 6.6. The external 
modes of the molecule, viz.the hindered rotational and trans-
lational modes, contribute to the displacement of the proton 
in the following way. The instantaneous proton displacement 
in the x-direction arises from the t , T and T modes; in the 
X Z Y 
y-direction from the ty mode only and in the z-direction from 
the t 2 and Tx modes. Thus, from Table 6.12, the mean square 
displacement of the proton due to the external modes of adsorbed 
c 3H6 in CoNaA at 16K are 0.035~2 in the x-direction, o.oo2R2 
in the y-dir~ction and 0.034~2 in the z-direction. Such a 
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TABLE 6.12 The mean square amplitudes of vibration of the 
H atoms in the external modes of adsorbed c3H6 
frequency 2 'V 2 <UH(vE)> <UH> 
sample mode 'V 
-1 ~2 ~2 \)E I em 
1-. 
t and t 189 0.002 
X y 
CoNaA+C 3H6 
,_ and t:y 128 0.010 X 0.065 
T 75 0.023 
z 
e = 0.9, 16K t 50 0.024 z 
-h 
t and t 149 0.003 
X y 
1: and T 111 0.009 
-x y 
MnNaA+C 3H6 
tither 82 either 0.014 0.050 T 53 0.030 z or or 
e = 1.2, lOK t 33 0.035 
z ~ 
Notes: 
is the mean square amplitude of vibration of an 
H atom in an external mode of adsorbed c3H6 of 
'V frequency vE' calculated from equation 6. 5 (Section 6.5.11 (d): 
2 
<U8 > is the total mean square displacement of an H atom due to 
all the modes of vibration of adsorbed c3H6 , in the iso-
tropic approximation. These values were estimated from 
the variation of INS band intensity with o2 (Section 6.5.ll(a)) 
The two values of the mean square amplitude of vibration quoted 
for the 'z mode of MnNa+C 3H6 depend on the assignment of the 
'z mode, see Section 6.5.9(c). 
displacement might be represented by an ellipsoid where semi-
axes a, b and c in the x, y and z-directions respectively w.ere 
such that a "' c >.? b. On grounds of symmetry, the ellipsoids 
representing the mean square displacement due to the external 
modes of the protons of the other two methylene groups of c3H6 
are related that of the proton already discussed by a rotation 
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of ~/3 or 2 TI/3 about the molecular c3 axis. 
Th 1 f 1 I . 2 ( 'V ) . . . h e va ue o 3 E <~ vE > 1s an approx1mat1on to t e 
contribution of the external modes to the total mean square 
2 displacement <UH> of the proton, which we have shown to be 
almost isotropic (Section 6.5.ll(a)). For CoNaA+C 3H6 at 16K 
we calculate~ ~<u~(~E)> to be 0.024R2 while <U~> = 0.065R2 
(Table 6 .12). The difference between the two quantities will 
be mainly due to zeolite lattice modes, which are expected to 
make a significant contribution to the total proton displacement 
under the experimental conditions used for out. t.o.f. spectra 
(Section 6.5.ll(a)). 
2 'V Repeating the calculations of <UH(vE)> for MnNaA+C 3H6 
at lOK, we obtain a value of 0.044R2 for the mean square proton 
displacement in the z-direction and O.Oo3R2 in the y-direction. 
For the x-direction we calculate a value of 0.042R2 if the T 
z 
-1 o2 -1 
mode occurs at 53 em , or 0.026A if T arises at 82 em 
z 
(Table 6.12). f 1 \ .. 2 ( 'V ) • 3 o2 . The value o 3.L<uH vE > 1s 0.0 OA for Tz = 
-1 o2 53 em (or 0.024A if T 
z 
= 82 cm-1 ) which is less than the 
total mean square proton displacement, <U~>, of 0.05oR2 . As 
with the case of CoNaA+C 3H6 , this discrepancy is expected and 
is caused by the large contribution of zeolite lattice modes 
2 to <UH>. 
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6.6 Barriers to rotation of cyclopropane adsorbed in 
M(II)NaA zeolites 
6.6.1 Introduction 
Our assignment of bands in the INS spectra of 
adsorbed cyclopropane to T modes (Section 6.5 ) necessarily 
z 
implies the existence of a barrier to rotation about the c3 
axis of the adsorption complex. In general, the potential 
energy, v~, opposing internal rotation in molecules can be 
written as a periodic function of the angle of rotation, a. 
For a function which is symmetric about a = 0°: 
v~ (a) VN V2N + = :2 (1- cosNa) + --2- (1- cos2Na) ... (6.6) 
where N is the barrier multiplicity and VN the barrier height. 
Equation 6.6 will be used to describe the potential barrier 
associated with the 'z torsion of a c 3H6 molecule adsorbed 
within an M(II)NaA zeolite. As a first approximation in the 
case of adsorbed c3H6 we take N=3 and set v 3=v6 . The v 6 term 
has been included to account for the 3-fold symmetry of the 
0(3) atoms to which the M(II) cation is bonded (Fig. 6.3). 
The torsional barrier height v 3 is not affected by the v 6 term 
since a cos6a function is unity at both the minimum and maximum 
points on the cos3a curve. However, a v 6 term does affect the 
shape of the potential function v~(a) depending on the relative 
phases of the v3 and v6 terms. 
46 By including in equation 
6.6 a v 6 term of the same sign as v3, the potential energy well 
defined by v~ (a) is broadened, 46 except at the base and top 
of the well where the shape of V(a) is unchanged. For a high 
potential barrier, the internal rotation described by equation 
" 
6.6 is restricted to a torsional oscillation, of frequency ili, 
about the potential minimum: 
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w "" ili (f/I) ~ 
21T 
( 6. 7) 
where f = force constant of the harmonic oscillations 
I = moment of inertia of the oscillator about the 
rotation axis. 
From the properties of simple harmonic oscillators: 
v (a) 1 fa 2 = 2 (6.8) 
but f = 
-d2V" 
2 da 
( 6. 9) 
So we have for the torsion: 
w = ~ [ 1i c v3 J ~ 1T 8 I (6.10) 
The values of v3 thus calculated from the frequencies of 
the T mode are listed in Table 6.13. 
z 
Application of equation 
(6.6) to the MnNaA data assumes negligible interaction between 
cyclopropane molecules adsorbed within the same supercage, which 
we discuss below. The T mode was unresolved in all the t.o.f. 
z 
spectra of cyclopropane adsorbed by the MnNaA zeolites but 
curve fitting gave two estimates (only one of which can be even 
approximately correct) in each spectrum for the transition 
frequency (Section 6.5.9(c)). The frequencies have been taken 
from the spectra recorded at the lowest scattering angle (Tables 
6.8 to 6.10). At higher scattering angles the intensity in 
these spectra (Figs. 6.9, 6.16 to 6.18) is reduced by the in-
creased values of o2 and the curve fitting becomes less accurate. 
Thus two possible values are listed in Table 6.13 for the 
torsional barrier in each MnNaA/cyclopropane sample. Given 
the errors involved in the curve fitting, the listed potential 
barriers (Table 6.13) must be regarded as approximate, but we 
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TABLE 6 .. 13 Barriers to rotation, v 3 , about the c3 axis 
of cyclopropane adsorption complexes in CoNaA 
and MnNaA zeolites 
zeolite coverage torsional potential gas 
molecules frequency barrier 
per supercage -1 
T 
z' 
ern v 3' kJrnol 
CoNaA C3H6 0.9 74 3.5 
EITHER a 
MnNaA C3H6 1.2 82 4.2 
MnNaA C3D6 1.5 67 3.7 
MnNaA C3D6 2.3 69 3.9 
ORa 
MnNaA C3H6 1.2 53 1.8 
MnNaA C3D6 1.5 46 1.8 
MnNaA C3D6 2.3 48 1.9 
Note 
-1 
a. Two possible values are given for v 3 and the frequency 
of the T mode for the MnNaA data for reasons explained 
z 
in Section 6.6.1 
can infer that v3 for cyclopropane adsorbed in MnNaA zeolite 
is ca. 2 to 4 kJ!.:r'nor 1 ; equal, within experimental error, to 
--1 the barrier of 3.5 k~-~1 in CoNaA. These values of v 3 
are about an order of magnitude smaller than the barriers 
calculated for the transition metal coordination complexes 
31 
of ethylene and acetylene. They are, however, comparable 
-1 
with values of 1.1 kJ mol reported for ethylene adsorbed 
at low coverage on fully exchanged AgX zeolite, 40 and 3.8 and 
2.2 kJ·mo11 for ethylene adsorbed at two different sites on 
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A A l 't 37 g 12 zeo 1 e. The significance of the torsional barrier 
v 3 is discussed in Section 6.7.1. 
6.6.2 The interaction between cyclopropane molecules 
adsorbed within the same supercage 
When two cyclopropane molecules are adsorbed 
within the same supercage, the non-bonding interaction between 
the adsorbed molecules may split the T mode into two com-
z 
ponents. It can be shown (Section 6.6.2(b)) that these 
components correspond to in-phase (i.p.) and out-of-phase 
(o.p.) rotation of the two molecules. As an example, a 
splitting of 34 cm-l has been observed for ethylene adsorbed 
in fully exchanged AgX zeolite. 40 
(a) An estimation of the non-bonding potential between 
two coadsorbed cyclopropane molecules 
Consider two c3H6 molecules adsorbed within the same 
supercage of an M(II)NaA zeolite and let a 1 and a 2 be the 
angular displacements of the two molecules about their c3 
axes during the T torsion. 
z 
The non-bonding potential between 
the c3H6 molecules is a function of a 1 and a 2 and will be 
~ 
denoted by v~~(al,a2). This non-bonding potential differs 
for i.p. and o.p. rotations of the molecules and will be de-
noted by vi;(a1 ,a2 ) and v~;(a 1 ,a 2 ) respectively, when the 
distinction is necessary. Using equation 6.11 below, derived 
by Williams 47 for the non-bonding interactions between molecules 
in hydrocarbon crystals, we can evaluate the potential V'~: 
II. -6 V ~ ~ ( a 1 , a 2 ) = . : (A .. d. . + B. . exp (-C .. d .. ) ) lJ lJ lJ lJ lJ lJ (6.11) 
f d dm.a.x or . . ~ lJ .; lJ 
where i is an index for all the atoms of one c3H6 molecule 
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and j for all the atoms of the second c 3H6 molecule, and 
dij is the distance between atoms i and j of different c3H6 
ligands. The values of parameters A .. , B .. ·and C .. differ 
l] lj lj 
for H---H, C---C and C---H interactions and values published 
by Williams 47 are listed in Table 6.14 Interactions between 
max 
atoms separated by a distance greater than d.. (Table 6.14) lJ 
are not included in the total value of v~~. 
rABLE 6.14 Parameters given by Williams for the non-bonding 
interactions between hydrocarbons. 
(See Section 6.6.2(a) and ref. 4 7) . 
~ A, kJ'~l-l .. ·-1 C, ~-1 d~ax B,kJ mol I .. 
H---H -27.3 2654 -3.74 5.0 
C---H -125 8766 -3.67 5.5 
C---C -568 83630 -3.60 6.0 
It is the barrier height, E~~, defined by the potential 
~ 
function v~~(a 1 ,a 2 ) which determines the magnitude of the 
splitting of the two components of the T mode(Section 6.6.2(b)). 
z 
The interatomic distance d .. (equation 6.11) is a function 
lj 
We have written a computer program to calculate 
dij and hence v~~ and E~~ as the two c3H6 molecules rotate 
about their c3 axes, for both i.p. and o.p. rotations. In 
order to calculate d .. we must first define the geometry of 
lj 
the two c3H6 rotors, shown diagrammatically in Fig. 6.23. 
Obtained from the X-ray results of Seff, 20 the following 
details of the geometry are relevant here. 
(1) The axes of rotation of the c3H6 molecules, i.e. the 
c3_ axes, are inclined at the tetrahedral angle with res-
pect to each other (c.f. Fig. 6.i); 
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Figso 6.23 Diagrams to show the geometry of two coadsorbed 
CJK6 molecules in a zeolite type-A supercageo 
Fig. 6o2)a Elevation view (not to scale). 
~ C atoms 
• H atoms 
--. ~ . 
@ Hc_nt.oms (see section 6·6·2 ai) 
0 , 
109 28 
t 
centre of supercage 
The lines are construction lines and do not necessarily represent 
chemical bonds. 
0 
All distances are given in A. They represent the projections of the 
relevant interatomic distances onto' the plane of the paper. 
The third CH2 group of each C3H6 molecule is not shown. In this 
projectron they are coincident wrth the C3 axes of rotation. 
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Figs. 6.23 Diagrams to show the geometry of two coadsorbed 
CJK6 molecules in a zeolite type-A supercage. 
Fig. 6.2Jb Plan view, above a c 3H6 molecule, showing the 
definition of the angle of rotation, o< , of' the 
molecule about the c3 axis. 
I 
I 
I 
\ 
\ 
.\ 
locus of C atoms 
'' durmg rotation 
',~ 
/ 
/ 
\ 
The axes AX and AY def in1 ng the angle of rotation ~X 
are arbitarily aligned w1th the rest of the zeolite 
supercage. (see section 6·6·2 a) 
..--i 
r-
N 
Fig. 6. 2Jc View abov-e the centre of· the supercage of two coadsorbed C,Yf6 molecules undergoing 
an in-phase rotation about the molecular c3 axes. Only the C atoms of the rotors are shown • 
X 
~ rY~--
centre of supercage 
® C atoms m the plane of the paper. 
® C atoms above the plane of the paper but co-planar wrth each other. 
C3 axis of 
rotatfon 
The axes AX, AY and A.x'. AY' defining the angles of rotation oc:1 and 0( 2 respectively, lie rn the plane of the appropriate C3H6 molecule. 
' 
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{2) The molecular geometry of c3H6 is unchanged on adsorption 
from that in the gas phase. The radii of gyration 
(Fig. 6.23) of the atoms of adsorbed c3H6 were calculated 
accordingly{) 
(3) The perpendicular distance from the plane defined by the 
zeolite 0(3) atoms bonded to the M(II) cation of the 
M-C3H6 complex to the centre of the supercage is 6.073~ 
for both M=Co and M=Mn (Section 6.3). 
In- ad?-~~~_on=fo t.h~ _considerations arising from the X-ray' 
/ . ·, >-20 -. --
results, the following also apply. 
{4) On steric grounds (Section 6.3) we have argued that the 
Co-C bond length is ~2.2~ and the Mn-C bond length is 
In order to calculate the non-bonding potential 
V"" we as·sume that these distances are Cc-"2 = 2.2~ and 
For these bond lengths, the perpendicular 
distance between the planes of the C atoms of the coadsorbed 
c3H6 molecules is the same in both the MnNaA and CoNaA 
zeolite systems (Section 6.3). Thus at given values 
of a1 and a 2 , the intermolecular distance dij between two 
particular atoms of the c3H6 molecules is equal in the two 
zeolites. Hence our model calculates an identical function 
v~;<a1 ,a 2 ), and barrier height to o.p. rotation, for both 
Similarly the function 
Vi~<a1 ,a 2 ), and the barrier height to i.p. rotation, is 
the $arne for both zeolite systems. 
(5) The interaction between the two cyclopropane molecules 
is least when the molecules are staggered by 60° - this 
(6) 
configuration maximises the interatomic distances; 
48 It can be shown that the two cyclopropane molecules remain 
staggered by 60° during the i.p. rotation. 
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The axis defining the angular displacement, a 1 or a 2 , 
of each c 3H6 rotor lies in the plane of the carbon atoms of 
the rotor, perpendicular to the axis of rotation (Fig.6.23(b)). 
The orientation of one of these axes, say that defining a 1 , 
within the .molecular plane is arbitrary, but the second axis, 
defining .a2 , is aligned with the first such that the two c3H6 
molecules are staggered by 60° when a 1 and a 2 are zero. 
The i.p. rotation is then achieved by incrementing equally a 1 
and a 2 (Fig. 6.23(c)); the o.p. rotatio~ by incrementing a 1 and 
decrementing a 2 by the same amount. 
7f 
rotation, a 1 + a 2 = ; 3 . 
(i) Out-of~phase rotation 
Thus during the o.p. 
The variation of the non-bonding potential· v~~ 
• op 
during o.p. rotation is shown in Fig.6.24. This figure applies 
to both MnNaA+C 3H6 and CoNaA+C3H6 systems with c~c =.2. 2R and 
Mn-'-'C:=;2:• 4R. The negative values of v~ ~ correspond to attractive 
op 
non-bonding interactions. v~~ is a six-fold function and op . 
approximately sinusoideal in shape, except near the base of 
the potential energy (P.E.) wells which show double minima 
(Fig.6.24). The barrier height to o.p. rotation arising from 
the non-bonding potential v~.p is ca. 0. 36kJ,;<inoF1 and is shown 
on Fig.6.24 as 
Each coadsorbed c3H6 molecule has two types of H 
atom: those which are closer than their associated C atom to 
the other c3H6 molecule, and those which are further than the 
c atom. We label the first type of H atoms as He (see Fig.6.23). 
For our chosen M(IU~ bond lengths, the intermolecular non-
bonding interactions between all the atoms of the two c H 
3 6 
molecules are attractive during the o.p. rotation, except those 
~ 
r-
N 
Fig 6.24 The variation of the William's non-bonding potential during the out-of-phase rotation 
of two c3H6 molecules coadsorbed in an M(II)NaA zeolite supercage. See section 6.7.2. 
-1.25 
-1.30 
-1.35 
~ 
0 
::L . 
...... 
~ -1.40 
\>-
~ -1.45 
LLJ . 
z 
LLJ 
~ -1.50 
...,. 
z 
LLJ 6 -1.55 
a. 
-1.60 
-1.65 
-1.70 
0 20 40 60 80 100 120 140 160 
ROTATION ANGLE DEGREES 
. )-.......~ ~ 
275 
between the two sets of He atoms. The sum of the inter-
molecular interactions between the He atoms becomes repulsive 
as two such atoms attain their closest approach, at multiples 
of 30° in Fig.6.24. It is the He---He potential which largely 
controls the variation of V~~ as the e 3H6 molecules rotate, 
the sum of the other non-bonding interactions _changing by a 
much smaller amount. 
From equation 6.11, the non-bonding potential V'', and 
op 
also V'' depends strongly on the d .. , which in turn depend ip' lj 
on the assumed value of the M(II)-e bond length. Recalculating 
V'' using the M(II)-e bond lengths published by Seff20 (Section 
op 
6.3), we obtain for e 3H6 adsorbed in both eoNaA and MnNaA a 
value of 17.2kJ?kol~1for E''. The potential function V'' is 
op · op 
again six-fold and shows an approximately sinusoidal variation 
as the e 3H6 molecules rotate but the P.E. wells have single 
minima. The overall non-bonding interaction between the two 
molecules is now repulsive, except close to the minima where 
it is attractive. It is the He---He and the two sets of 
He---e intermolecular interactions which mainly control the 
shape of the function V''. 
op 
'If;·the_M-{ri) -C bond length is increased by 0 .1R from our 
""'"':::_,--; /' 
chosen values (i.e. such that Mn:-:C'··=2.5R, eo::.c=2.3R), the shape 
of the V'' function is similar to that obtained using the X-ray 
op 
values of the bond lengths. The barrier height E'' becomes 
op 
~. -1 
5. 2kJ(:mol. ~: 
,,. 
V'' is again repulsive apart from the regions 
op 
about the minima where it is attractive. In this case, the 
H ---H and H ---e non-bonding interactions mainly determine 
e e e 
the _shape of the function V'' although the H ---e make a much 
op' e 
smaller contribution than in the case of longer M(II)-e bond 
\.0 
r-
N 
Fig 6.25 The variation of the William's non-bonding potential during the in-phase rotation 
of two c3H6 molecules coadsorbed in an M(II)NaA zeolite. See section 6.7~2. 
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lengths (see above) . However, the variation of the HC---C 
potential is significantly more marked than with· our estimates 
of the M (II) -C bond lengths (i.e. with Mn:..C.= 2.45L Co-C =.2. 22) . 
(ii) In-phase rotation 
The variation of the non-bonding potential V~' 1p 
during i.p. rotation is shown in Fig.6.25 for Mn-C= 2.4R and 
co:-:¢= 2 :.2R. Within the accuracy of our calculations, the barrier 
height to i.p. rotation, E~', is zero. 1p 
On lengthening the M(II)-C bond length by 0.12, the 
barrier height E'' remains zero but the shape of the V~' function 
op 1p 
becomes "simpler than in Fig.6.25. A six-fold1 approximately 
sinusoidal function is obtained for V~', although the minima 1p 
and maxima are broader than would be given by a function of 
tqe form sin6a.. 
If the M(II)-C bond lengths are increased to the 
20 
values reported by Seff, the barrier height E~' becomes lP 
!' -1 ca. 0. 2kJ;;mol ~· The potential function V~' is again six-fold 1p 
but the P.E. wells are somewhat triangular in shape. 
(b) Calculation of the splitting of the T mode of two 
z 
coadsorbed cyclopropane molecules 
. ~ ·· TOT ( ) The total potent1al energy/ .. , V a. 1 , a. 2 , of two co-
adsorbed cyclopropane molecules undergoing the Tz torsion is 
given by48 
(6.12) 
where V''(a.1 ,a. 2 ) is the non-bonding interaction between the 
rotors (Section 6.6.2(a)) and the V' are the interactions of 
each rotor with the rest of the zeo+ite system. The V' are 
given by equation 6.6 (Section 6.6.1). 
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We need to find an expression explicitly in terms of 
a 1 and a 2 for v~~ as the two cyclopropane molecules rotate. 
As evaluated from the WilliamS :; equation (6 .ll)J v~ ~ (a1 , a 2 ) 
is a periodic function (see Figs. 6.24, 6.25) and therefore 
may be described by a Fourier series in a 1 and a 2 . It is 
known 46 that the non-bonding interaction between two methyl 
rotors in a molecule such as (CH3 ) 2cH2 may be described by a 
Fourier series, the first ·term of which is 
* v (1 6Q 6Q ) 4 - cos ~1 - cos ~2 (6.13) 
where sl and s2 are the angular displacements of the methyl 
* rotors and V is the barrier height to rotation. Expression 
6.13 applies when the rotors are related by symmetry element(s) 
of the molecular point group. This is analogous to our case 
of two coadsorbed cyclopropane rotors in a zeolite supercage, 
for which we write: 
(6.14) 
During the o.p. rotation of the cyclopropane molecules, 
/~ ~ a~) 'i '~Yg (Section 6. 6. 2 (a)) and equation 6.14 may be 
rewritten as 
(6.15) 
Figure 6.24 shows the variation of v~~ as the two cyclopropane 
molecules undergo an o.p. rotation, calculated from the Williams~ 
t . 47 equa 1on. We will use equations 6.14 and 6.15 to describe 
this variation of v~~. The cos6a 1 function (equation 6.15) 
is an approximation to the curve of Fig.6.24; for example it 
does not predict the double minima of the potential energy 
wells (Fig.6.24). However, the errors in calculating the 
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splitting of the ~· mode incurred through this approximation 
z 
are much less than those arising from an incorrect choice of 
the M(II) -C bond length, on which the value of E~p':is strongly 
dependent. We note that a more accurate description of the 
curve in .Figure 6.24 could be obtained by including terms in 
cos9a, cosl2a1 , ... in equations 6.14 and 6.15. 
Combining equations 6.6, 6.12 and 6.14, we obtain for 
the o.p. rotation: 
TOT v3 (l-cos3a1 ) 
v6 (l-cos6a1 ) V (a1 ,a2 ) = + 2 2 
+ 
v3 (l-cos3a2 ) + 
v6 (l-cos6a2 ) 2 2 
E"'"' 
_Q£ . 
+ 4 (l-cos6(a1+ ol)- cos6 ( a.2+o 2)) 
where the constants o1 and o2 account for any phase difference 
between the non-bonding potential and the torsional potential 
V"' of equation 6.6. The value of the o will depend on the 
alignment of the arbitrarily orientated axes which define a 1 
and a 2 with respect to the zeolite framework (Section 6.6.2(a)). 
In the harmonic approximation, the force constant fop' 
for the o.p. torsion is given by 
f = 
op = 
and, given that v3 = v6 (Section 6.6.1) I the frequency of the 
o.p. torsion, w op' is: 
1 45V3 + 18E"'"' ~ 
w = ( op) op 1T 8I 
The barrier E~"' to in-phase rotation estimated from the 
l.P 
Williams(; equation is either small or zero, depending on the 
assumed M(II)-C bond length (Section 6.6.2(a)). When E~"' is l.p 
TABLE 6.15 Calculated frequencies of the in-phase and out-of-phase components of 
the T torsion of coadsorbed cyclopropane molecules in M(II)NaA zeolites 
z 
' 
assumed potential barrier barrier due to non-bonding interactions calculated \/frequency of 
sample M(II) -C v3 o.p. torsion i.p. torsion o.p.torsion i.p.torsion 
bond length, R kJ/mole E .... , kJ/mole E: .. , kJ/mole w an-1 w . an-1 op lp op' lp' 
CoNaA+C 3H6 2. 2"_; 3.5 0.36 0.0 76 74 
:e = 1. 8 2.3 3.5 5.9 0.0 96 74 
16K b 2. 8 . 3.5 17.2 0.2 128 75 
2. 4<~ 1.9 0. 36 0.0 50 48 
2.5 1.9 5.9 0.0 72 48 
MnNaA+c 3o6 3 .lb; 1.9 17.2 0.2 103 49 
., 
6= 2.3 
lOK a 2. 4,; 3.9 0.36 0.0 70 69 
2.5 3.9 5.9 0.0 87 69 
3 .1?} 3.9 17.2 0. 2 114 69 
---- -- ------·-
Notes: The frequencies were calculated using equation 6.16 
v 3 is the contribution to the potential barrier from the interactions of each cyclopropane 
molecule with the zeolite framework (Section 6.6.1). 
(a) These bond lengths are our estimates of the maximum possible M(II)-C distances, obtained 
from steric arguments (Section 6.3). 
(b) These bond lengths are those published by Seff. 20 
! 
' 
N 
00 
0 
I 
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zero, the in-phase torsion will arise at the same frequency 
as does the T mode in the absence of any splitting. For 
z 
non-zero values of E:~, the potential v:~ is a six-fold one, lp lp 
as is v~ ~. 
op Thus we will estimate the frequency, w. , of lp 
the in-phase torsion using equation 6.16 and replacing E ~ ~ 
op 
by E~ .. ip· 
In Table 6.15 we list values of w and w. calculated 
op 1p 
using equation 6.16 for c 3H6 adsorbed in CoNaA and c 3n6 in 
MnNaA. Table 6.15 illustrates that the splitting of the T 
z 
mode due to non-bonding interactions is strongly dependent on 
the M(II)-C bond length. 
(i) CoNaA + c 3H6 , 8 = 1.8 molecules per supercage 
' -1 For this sample, we have taken v3 to be 3.5kJ mol 
as for the lower coverage case (Table 6.13). The spectrum 
of this sample (Fig.6.11) shows a marked increase in intensity 
in the region ca. 80 to 120 cm-l when compared with the lower 
;ub .... ~-\: 
coverage spectra (Fig. 6.9). We ~ that this intensity 
increase is due to the o.p. component of the T mode. The 
z 
-1 frequency of 128 em (Table 6.15) predicted for w using the 
op 
X-ray20 value of the Co-C bond length, 2.8R, is therefore too 
high. Although the t.o.f. spectrum of CoNaA+c 3H6 (8=1.8,Fig.6.11) 
-1 
shows a shoulder at ca. 130 em on the band due to the T and 
X 
T modes, this feature is probably too weak to have arisen from y 
the o.p. torsion. A better agreement between the observed 
spectrum (Fig.6.11) and the predicted frequency of the o.p. 
torsion (Table 6.15) is obtained for shorter Co-C bond lengths. 
Table 6.15 shows that the splitting is more accurately pre-
dicted using a Co-C distance of 2.3R rather than 2.2R. The 
latter distance is our estimate of the maximum Co-C distance 
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based on steric grounds (Section 6.3). This is a small 
discrepancy considering the approximations made in the calcul-
ation of w and w .• 
op 1p These approximations include: 
(1) a neglect of any distortions of the c 3H6 molecules 
during the torsion; 
(2) the assumption that the charge distribution in the c 3H6 
ligands is symmetrical about their c 3 axes. An 
asymmetrical distribution would require the inclusion 
of an extra Coulombic term in the Williams equation (6.11) 
f th b d . . t t" 49 or e non- on 1ng 1n erac 1ons. 
No information is available on either of these phenomena 
and so corrections cannot be made. 
(ii) MnNaA + c 3n6 , 8 = 2.3 molecules per supercage 
For this sample, there are two estimates of v3 
(Section 6.6.1) depending on the assignment of the 'z mode. 
The spectra of this sample (Fig.6.18) show no signs of any 
splitting of the 'z mode when compared with the spectra of 
MnNaA+C3D6 , 8 = 1.5, and MnNaA+C 3H6 , 8 = 1.2, in which such 
splitting has been ruled out on intensity grounds (Figs. 6.17, 
6.16 respectively). This is consistent with the small 
splitting, ~2cm- 1 , calculated using equation 6.16 for the 'z 
mode of the Mn(II)-c3n6 (8=2.3) complex~assuming an Mn-C bond 
length of 2.4~ (Table 6.15). The value of 2.4~ is our estimate 
of the maximum Mn-C bond length obtained on steric grounds 
(Section 6.3). 
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Our model of the splitting of the T mode into two 
z 
components due to o.::p. and i'.p. torsions of ~coadsorbed cyclo-
propane molecules in CoNaA and MnNaA is consistent with our 
contention that the M(II)-C bond lengths published from X-ray 
20 data are too long. 
6.7 Simple Bonding Considerations 
The bonding in c3H6 has some ~ character - cyclopropane 
does undergo certain olefin-like reactions. Chatt, Dewar 
. 50 51 
and Duncanson ' have modelled the bonding between simple 
olefins and transition metal ions. We now apply their ideas 
to the case of adsorbed c3H6 . The bond between cyclopropane 
and the Co(II) or Mn(II) ion will involve an ordinary co-
ordination bond from a ~ orbital of the ring to some hybrid 
orbital of the metal ion. This bond is augmented by back 
* donation from filled metal orbitals to an unoccupied ~ anti-
bonding orbital of cyclopropane. The barrier to rotation 
about the c3 axis of the adsorbed complex can be used as a 
measure of the extent of this ~-bonding (Section 6.7.1). 
52 The Coulson-Moffitt model of the bonding in cyclopropane 
predicts that, so far as the electrons forming the C-C bonds 
are concerned, the lines of maximum electron density do not 
coincide with the C-C intern¥clear axes. The model describes 
"bent bonds" in which the axis of the bond orbitals are inclined 
at 22° to the C-C direction. The Walsh model 1 ' 2 predicts, in 
addition, a region of high electron density at the centre of 
the c3 ring. These early predictions are confirmed by an ab 
initio SCF calculation32 which demonstrated the existence of 
bent bonds in c3H6 as well as a build up of electronic charge 
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at the,centre of the c3 ring. In addition, an electron density 
difference map from an X-ray diffraction study of cis-1,2,3-
. 53 . 
tricyano-cyclopropane showed that the maximum bonding density 
between the carbon atoms was displaced outside the ring, 0.32R 
from the axis of the endocyclic bond. 
We return to the Raman spectroscopic data of Tam et az 23 
(Section 6.4.l(a)) for c3H6 adsorbed in alkali metal exchanged 
X zeolites. The adsorbate-cation interaction was said to 
depend on the polarising power of the cation, cyclopropane being 
edge bonded to the strongly polarising Li+ and Na+. The 
available evidence did not distinguish conclusively between 
face or edge bonding to K+ and Cs+ ions. 
We estimate the polarising power of an ion by the quantity 
e;r where e= formal charge on the cation and r = the Shannon-
Prewitt effective ionic radius 54 (see Table 6.16). The size 
of the ion depends upon its coordination environment. Values 
of r for tetrahedrally coordinated K+, Cs+ and Mn* are not 
. -1 
available but the Shannon-Prewitt tables show that r is not 
a strong function of coordination number for the alkali metal 
cations. The differences in r for 4 and 6 coordinated Na+ and 
Li+, and by implication K+ and Cs+, are insignificant for our 
* * The Table (6.16) shows that Co , and thus Mn , purposes. 
are considerably more polarising than the alkali metal cations, 
provided only insignificant delocalisation of the cationic 
charge over the ·zeoi:i.te framework occurs. According to Tam et az 23 I 
.. -- -.~ ..... ' / 
the geometry of the c3H6 adsorption complexes in alkali metal 
exchanged X zeolites is controlled by the cation polarising 
power. Extending this idea to c3H6 adsorption in transition 
metal ion exchanged A zeolites, the strongly polarising Co(II) 
and Mn(II) ions would be expected to give an edge-bonded 
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cyclopropane adsorption complex. However, our INS data 
(Section 6.5) show that these complexes are face-bonded. 
Therefore, we can state that the avail~bility of d-electrons 
on the cation for n-bonding with the c 3H6 is more important 
in controlling the adsorption geometry than is the cation 
polarising power. 
TABLE 6.16 Estimation of cation polarising power 
6 coordinate 4 coordinate 
cation 
r, R e;r r, R . e;r 
Li+ 0.74 1. 35 0.59 1. 70 
Na + 1.02 0.98 0.99 1.11 
K+ 1. 38 0.72 - -
Cs+ 1. 70 0.58 - -
co* 
- - 0.57 3.51 
r = effective ionic radius taken from the tables of Shannon 
d "t 54 an Prew1 t 
e = formal cationic charge 
It is interesting to note that in the protonated cyclo-
. h . d . 1 . t. 55 propane 1on t e proton occup1es an e ge-on, 1n-p ane pos1 1on. 
This same position is adopted by H in a c 3H6-Hcl dimer, as 
56 
shown by its rotational spectrum. 
6.7.1 The implications of the torsional barrier of the· 
M(II)-C3H6 bond 
The existence of the torsional barrier v3 for a 
single cyclopropane molecule adsorbed within a supercage suggests 
the operation of n-bonding between the cation and the c 3H6 
ligand. The barrier height is a measure of the extent of the 
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n-bonding, provided that other interactions (e.g. hydrogen 
bonding between the c 3H6 protons and framework oxygen) can be 
neglected. Co(II) is a d 7 ion and therefore is expected to 
be more effective in back-donation of electron density to the 
c 3H6 ring than is the d
5 Mn(II) ion. The n-bonding in the 
M(II) -c3H6 systems should be stronger for M!.=',GothanM =~.Mo. 
However, the torsional barriers for the complexes of the two 
cations are equal within the accuracy of our calculations 
(Table 6.13, Section 6.6.1), thus indicating similar degrees 
of n-bonding. There are, however, significant differences 
between the Mn(II) and Co(II) cyclopropane complexes, e.g. 
witness the apparent splitting of the 'z ~ode of Co-C3H6 at 
high coverage (6=1.8, Fig.6.11) which does not occur for 
Mn-c3n6 at a similar coverage (6=1.5, Fig.6.17). It is possible 
that these differences may arise from differences in the charge 
distribution of the cyclopropane molecules adsorbed in CoNaA 
and MnNaA zeolites. 
6.8 Conclusions 
Our INS spectra of cyclopropane adsorbed by CoNaA and 
MnNaA zeolites are consistent with the c 3V symmetry of the 
20 M(II)-c3H6 adsorption complex proposed by Seff et al from 
X-ray diffraction data. However, the agreement between the 
predicted and observed band intensities in the INS spectra of 
the MnNaA+ cyclopropane samples is much poorer than in the case 
of the CoNaA zeolites. There remains a small possibility that 
the Mn(II)-c3H6 complex may have a symmetry other than c 3¥, 
the most probable alternative being c 2;. The need for a 
pulsed ),aser: Raman experiment is therefore indicated - observ-
ation of A2 and B2 modes (c2v point g~oup) in the Raman spectrum 
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of adsorbed cyclopropane would eliminate the possibility 
of c3v symmetry (Table 6.2). 
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CHAPTER SEVEN 
A SPECTROSCOPIC STUDY OF HYDROGEN ADSORBED ON 
ZINC OXIDE 
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7.1 Introduction 
The interaction of hydrogen with zinc oxide has been the 
subject of many investigations, largely because of the role 
adsorbed hydrogen plays in methanol synthesis and in the hydro-
1 2 genation of unsaturated hydrocarbons. ' Although our initial 
motivation for studying this system using neutrons was to 
identify some of the normal modes of vibration of dissociatively 
adsorbed hydrogen it became clear that a critical evaluation 
of the previously published spectroscopic data on both ZnO and 
ZnO + H2 was necessary because so much of it appears to be 
conflicting. 
Zinc oxide differs from the zeolite catalysts we have 
studied in two respects. Firstly, surface effects dominate 
theIR spectrum of the phonons (see Section 7.3.3(a)). 
arises from the fulfilment of two requirements 3 
This 
(i) that the ZnO sample consists of crystallites whose 
diamter is less than that of the incident IR light. 
These surface effects on ZnO observed in the IR 
-1 -1 4 
region from ca. 600 em (16.7~m) to 350 em (28.6~m). 
Some 87.6% of the particles of our ZnO samples were 
found to have a diameter of less than l.O~m (Section 
7. 2) ; 
(ii) the structure of the sample should consist of a 
regular array of ions. 
Although zeolites typically satisfy the requirements 
of particle size (e.g. for Linde SA this is from 0.5 
5 to S.O~m, they apparently do not have a sufficiently 
regular ionic structure for surface effects to domin-
ate their IR spectra. 
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Secondly, ZnO is an n-type semiconductor. At room temperature 
the conduction band of ZnO is empty. But adsorption of hydrogen 
on ZnO at room temperature followed by heating results in the 
donation of electron density from the adsorbed hydrogen to the 
conduction band, resulting in an "accumulation" layer. 6 Plasmon 
modes due to the coll~ctive excitation of the free electrons 
in the conduction band may, under certain conditions, arise in 
the vibrational spectrum of ZnO bearing adsorbed hydrogen, 7 
(see Section 7.1 .. 4) .. 
In the following, we shall.use "ZnO+H" as an abbreviation 
for zinc oxide plus adsorbed hydrogen, without intending any 
implications as to the surface stoichiomet'ry or state (H or H2 ) 
of the adsorbed hydrogen. 
7 .1.1 The crystal struc.ture ·of: :z:no 
Except at elevated temperatures, ZnO adopt.s the 
wurtzite structure (see Fig. 7.1). The observed ratio c/a (1.60) 
is slightly less than the ideal hcp value (1.63) and thus the 
planes of anions (and cations) are not quite close packed. 8 
The structure may be regarded as comprised of nearly close 
packed layers of oxygen ions with zinc ions filling one half 
of the tetrahedral holes in the anionic lattice. The oxide 
layers also define octahedral and trigonal holes. The octa-
hedral sites lie on straight lines perpendicular to the oxide 
layers and are separated by the trigonal holes. The 'dimater 
of the octahedral holes is approximately 2.oR and that of the 
trigonal "squeeze-points" 1.2R. 9 
The morphology of ZnO particles produced by burning Zn 
in air, as were our samples obtained from the New Jersey Zinc 
Co., is well known. 10 Although data for the relative abundance 
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Fig. ? .1 The succession of a-b-a-·b double layers of (0001) 
planes of ZnO, taken from ref. 14. 
The Zn and 0 atoms are not drawn to scale. 
(0001) 
1· 992A o Zn . 
0·613.!.. • 0 
Fig. ?.2 Close packed layers in the (0001) surface (Zn uppermost) 
or (OOOl) surface (O uppermost) of ZnO, from ref. 13. 
Larger spheres represent oxide ions. Not drawn to scale. 
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of the surface planes are not available, they are known to 
mainly comprise the (0001), (OOOl}, (lOll) and (lOlO) cleavage 
planes. 
,The. (0001) surface consists of alternate layers of zinc 
and oxygen ions in which the Zn layer is uppermost (see Fig.7.2 
and the. two uppermost rows of ions in Fig.7.1). On the other 
hand, in the (OOOl) surface the oxygen ions make up the outermost 
layer (Fig.7.2). Both surfaces are polar. Cleavage along 
the plane labelled "A" in Fig.7.3 produces an (lOlO) face. 
This surface is apolar since it contains equal numbers of zinc 
and oxygen ions (Fig.7.4). 
7 .1. 2 LEED data published on ZnO :cryst·a:l faces 
There. is some disagreement in the details of LEED 
results published on ZnO, largely due to the various methods of 
1 . 11 samp e preparat1on. Recent studies have used two distinct 
h d f t . 11 met o s o prepara 1on: 
:(i) the cleavage method, in .which long, needle-shaped 
crystals are cleaved under ultra-high vacuum (UHV) 
to form complementary pairs of (0001) and (OOOl) 
crystal faces; 
iii) the annealing method in which a cutting - chemical 
polishing (e.g. H3Po4 ) - etching (e.g. H2so4) sequence 
is followed by UHV processing consisting of Ar+ ion 
bombardment and thermal annealing. 
7.1.2(a) LEED results on the polar ZnO surface 'planes 
LEED data indicate that for samples prepared by 
methods (i.) or (ii), steps are formed on the (0001} and (OOOI) 
f 1 f Z 0 h t . t b 1' . 873 12 ' 13 sur ace p anes o n on ea 1ng o temperatures e ow· K. 
297 
Fig. 7.3 The two alternate layers of atoms in (0001) hcp planes 
of ZnO. ·rne dashed line A indica-r;es the (lOio} plane, 
perpendicular -r;o the (0001}. Taken from ref. 14. 
(1010) 
A 
I 
I 
• • • I • 
0 0 0 10 0 I 
I 
• • • I • 
0 0 0 I o 0 
I 
• • • I • 
t 0 0 10 0 I 
0 I 
L:-~ • • I • 0 I o 0 
I 
1-
Fig 7.4 The layer structure of the ZnO (1010) surface. 
From ref. 13. 
Larger spheres represent oxide ions. Not drawn to scale. 
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Duke and Lubinsky14 have carried out dynamic intensity 
calculations of the LEED intensity expected from a ZnO (0001) 
surface. The parameters used in the calculation were adjusted 
to give the best fit to the experimental LEED data of Chang 
ll 
and Mark, who studied a (0001) ZnO surface prepared by 
' annealing at temperatures up to 873K.:. One of the adjustable 
parameters was the interplanar spacing between the uppermost 
zinc and oxygen layers. The intensity calculations indicate 
that the (0001) surface reconstructs in vacuo. The oxygen 
0 14 plane moves outwards from the bulk by 0.1 to 0.2A while the 
zinc plane remains unshifted. There is no lateral movement 
of the ions in either plane. The distance berween the outer-
most layers of zinc and oxygen ions is thus less than that in 
the bulk. This observation is consistent with the dangling 
bond arguments of Gatos and Levine15 in which the configuration 
of a surface zinc ion is predicted to gain some trigonal planar 
character and become less tetrahedral. The surface oxygen ion, 
with its lone pair of electrons, adopts a distorted tetrahedral 
configuration. 
14 Duke et aZ have reported that no reconstruction occurs 
on the (OOOl) oxygen face. 
We comment on the dynamical intensity calculations and the 
reasonableness of these results in Section 7.1.2(c) below. 
7.1.2(b) LEED results on the apolar, (lOlO) ·ZnO surface 
._ 1•6 
The dynamic intensity calculations of Duke et aZ 
applied to the (lOlO) surface indicated that the surface oxygen 
ions retreated towards the bulk by 0.45±0.1~ while the zinc ions 
remained unmoved. No lateral displacement of the ions occurred. 
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The sample had been prepared by the annealing route, the 
final anneal being at 573K for 16 hours. Since it is known 
that atmospheric co2 is readily adsorbed by ZnO at room temper-
10 
ature, . and is not completely desorbed on heating to temper-
atures below lOOOK, 17 it is likely that the apolar and polar 
surfaces (Section 7.1.2(a)) studied by Duke bore surface co2 . 
Gopel et azl?,lB have shown that the reconstruction of the 
ZnO(lOlO) surface is promoted by small amounts of adsorbed co2 
-2 (coverage 8<10 monolayers). A sample prepared by the annealing 
method, and rigorously cleaned by heating at lOSOK showed no re-
- 17 
construction of the (1010) surface. On adsorption of co2 
(8<10- 2 monolayers), on ZnO(lOlO) dynamic intensity calculations 
indicated a contraction towards the bulk of the uppermost zinc 
layer of 0.3R and a movement of the oxygen layer of 0.1R in the 
opposite direction. 
No steps have been reported on the (lOlO)ZnO surface. 
7~1.2(c) Estimation of the surface Zn-0 interplanar 
spacing by dynamic LEED intensity calculations 
The reconstructions of the ZnO(OOOl) and (lOlO) 
surfaces reported by Duke et az14 ' 16 and by Gopel et az 17 rely 
on the results of dynamic LEED intensity calculations which use 
the interplanar spacing between the outermost layers of zinc and 
oxygen ions as one of the variable parameters. However, the 
calculations predict only the major features of the observed 
intensity profiles and fail to reproduce the minor details. 
The discrepancies arise from the following problems: 
1. the reproducibility of the experimental data; 14 
2. the lack of an adequate force law for the interaction of 
14 
the incident electron with the ZnO surfacesi 
300 
3. there are no reliable estimates for the value of the 
surface ionic charge Q, which is also a parameter in the 
calculations. 
Values for the charges of ions in bulk ZnO range from 0.4 to 
>1, depending on the models used to interpret the experimental 
19 data. Furthermore, it is known that the ions of the surface 
Zn-0 double layer have charges different from those in the bulk, 
e.g. Madelung potential calculations predict that the outermost 
+ 
layer of ions on the (OOOl)ZnO surfaces have a charge of 0.765Q 
while the layer of counter ions underneath and all the ions of 
19 the interior have a charge of l.OQ. In the intensity calcul-
. f k 7 14,16 h . 1 f f d at1ons o Du e et av, t e opt1mum va ue o Q was oun to 
be unity for both ZnO(OOOl) and (lOlO), corresponding to Zn+O-. 
It was, however, assumed that this value was constant throughout 
the entire crystal, including the surface. 
According to Duke, 16 the dynamic calculations applied to 
ZnO(OOOl) and (lOlO) surfaces do not give a completely reliable 
structure determination but are strongly suggestive of rearranged 
surface geometries. We now consider whether the proposed re-
constructions are chemically plausible. The predicted displace-
ments involve only the outermost zinc ions in the case of the 
(lOlO) plane, 16 or the outermost oxygen ions in the case of the 
14 (0001) plane. Large changes in bond lengths are therefore 
implied. The vertical displacement of zinc ions by 0.45~ at 
the (lOlO) surface is a 28% change in the Zn-0 bond length; the 
movement o£ 0.1 to 0.2~ by oxygen ions at the (0001) surface is 
a 16 to 32% change. Dynamic intensity calculations of the surface 
reconstructions of the (110) faces of II-VI and iii-V semi-
conductors of the zinc blende structure have predicted larger 
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vertical displacements (>O.SA) of the outermost cations. 20 
In these materials, however, the bond length changes remained 
small. The cations and anions of the first and second double. 
layers were displaced both laterally and vertically, the ions. 
in the second layer to a lesser extent and in the opposite sense 
to those of the first layer. The maximum bond length change 
was ca. 5%. But in view of the much larger changes in bond 
length and the poor match between the observed and calculated 
LEED·profiles for ZnO(lOlO),we submit that the proposed recon-
structions of the ZnO(lOlO), and ZnO(OOOl), surfaces.are erron-
eously large. 
7 .1. 3 The surface species formed by hydrogen adsorption on ZnO 
Temperature programmed desorption studies (TDS) 21 
have led to the identification of seven states of adsorbed 
hydrogen on ZnO. Historically, the surface species have been 
classified according to the kinetics, reversibility or otherwise 
and temperature domain of the adsorption. Four main types of 
adsorption process are thereby distinguished: 
(i) Type I is a rapid adsorption, reversible at room 
temperature, which gives two IR active species; 
(ii) Type II is an irreversible adsorption occurring at 
room temperature. It is subdivided into two processes. 
The first is a rapid adsorption giving two IR active 
species, the second is a slow adsorption giving an un-
known number (possibly one1 ) of species, which are IR 
inactive; 
(iii). Type III is a reversible adsorption and occurs at 77K 
to give a single, IR active species; 
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(iv) Type IV is a high temperature adsorption. The 
maximum uptake is at 500K. 21 No values have been 
reported for the vibrations of the resulting surface 
species. Although it is reported to occur to a 
slight extent at room temperaturee.g.see 21 , we have 
no evidence for the presence of type IV hydrogen on 
our samples. 
Because ~ given adsorbed species may give rise to more than 
one feature in the TDS spectra, e.g. through a variation of the 
heat of desorption with coverage, we will refer to the adsorbed 
species by the adsorption process through which they were formed. 
For example, we will use the phrase "type II hydrogen" to mean 
any of the surface species produced by type II hydrogen adsorption 
on ZnO. 
At room temperature types I and II predominate. They occur 
simultaneously but with different kinetics and apparently at 
different sites. 
The frequencies of the IR bands reported for hydrogen ad-
sorbed on ZnO are given in Table 7.1. The small discrepancies 
between the frequencies quoted by different authors is explained 
by their coverage dependence (see below) . The distinction between 
the bands of type I and type II species was first made byBxcuzzi 
23 
et aZ. On mild evacuation at room temperature, bands due to 
type I are severely reduced in intensity while those due to type 
II remain unaffected. 
7.1.3(a) Type I hydrogen 
Type I adsorption is active in c2H4 hydrogenation 
and H2/D2 exchange. This is a dissociative chemisorption and 
gives rise to two IR bands whose frequencies are functions of 
(""') 
0 
(""') 
TABLE 7.1 Infrared bands reported in the literature for hydrogen adsorbed on ZnO 
Type I 
frequency, 
-1 assignment ref. 
em 
3498) 
\) (0-H) 24,23 3497) s 25 
3455 \) (0-H) not s 30,24 
observed 
above 190K 
1709) 25 
1708) \) (Zn-H) 
1705) s 30 
850:-845 \)0 (0-H) 23 
817 \)0 ( Zn-H) 23 
b =broad; v 0 =bending mode; 
Type IIa 
frequency, 
-1 assignment ref. 
em 
aa.3400b \) 
s 
(OH---0) 23 
H 
1475b v (Zn Zn) 23 
s 
v = symmetric stretching mode 
s 
t 
Type III 
frequency, 
-1 assignment em 
4019 vs (H-H) 
3507 vs (H-D) 
2887 \) (D-D) 
s 
Hydrogen overpressures used for type I adsorptions: ref. 23, 100 torr; ref. 24, data 
extrapolated to zero coverage; ref. 25, 380 torr; ref. 30, 35 torr. 
ref 
34 
304 
coverage. -1 d A Zn-H stretch is observed at 1709 em an an 
-1 0-H stretch at 3498 em (both values extrapolated to zero 
. . ) 24 
coverage . The two ba~ds develop simultaneously and their 
intensities are directly proportional to each other as the 
coverage changes. 
. 25,26 . pa1r, -z.. e. 
The adsorption site consists of a Zn-0 
H H 
I I 
Zn - 0 
Only some 10% of the total surface is available for type I, 
27 this has been observed by many workers regardless of the pre-
cise history and origin of the ZnO sample. 26 Dent and Kokes 
have put forward a model in which the Zn-0 pairs are located 
on the reconstructed (OOOl) surface. However, according to 
27 John, other polar faces, e~g. (lOll) and (0001), might also 
be expected to be active. 
We suggest here that H2 adsorption at pair sites on b 
ZnO polar faces must involve significant rehyftridisation at the 
~ 
surface. Consider the ZnO(OOOl) face, shown in Fig. 7.1. This 
face consists of a double layer of zinc and oxygen ions, the 
0 28 plane of the oxygen ions being 0.6056A below that of the zinc 
plane. A typical value for an 0-H bond length is 0.96~. 29 
Thus formation of a surface 0-H bond, perpendicular to the oxygen 
0 
plane, puts the adsorbed H atom c.a. 0.35A above the zinc plane. 
The closest distance between a zinc ion and the H atom of the 
0 
surface hydroxyl is then 1.89A (data from ref.28). This distance 
is greater than the sum of the covalent radii of Zn plus H, viz 
0 
1.57A. Therefore, H2 adsorption at a Zn-0 pair site, where the 
oxygen ions are below the zinc ions is geometrically reasonable. 
However, the oxygen ions of the (0001) surface double layer are 
already four coordinate before H2 adsorption. Thus significant 
)/ 
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rehybridisation of the surface, particularly of the oxygen 
~ 
ions, must occur on H2 adsorption. 
Similar arguments apply to adsorption at Zn-0 pair sites 
on the (OOOl) surface. We have not considered possible re-
constructions in vacuo of these surfaces, since these have not 
been definitely proved by LEED (see Section 7.1.2(c)). 
A combined TDS (l00-350K) and IR study by Griffin and Yates 24 
identified three desorption peaks, all associated with type I 
adsorption. The principal peak, Ib' arose at 240K, along with 
a broad structure, I , composed of partially resolved features 
c 
at 270 and 310K, and a third peak, I , at 170K. 
a 
The temperature 
of maximum desorption, Tmax' of peak Ib fell as the initial 
hydrogen dosage was increased. Both Ib and Ic gave rise to 
the two coverage dependent IR bands at 1709 cm-l and 3498 cm-l 
(zero coverage) and could not be distinguished on the basis of 
their IR absorbance alone. We define q to be the surface 
coverage of hydrogen, measured as ~mole H2/(gZnO). The fre-
quency of the 0-H stretch fell linearly with increasing coverage 
-1 -1 (by 15 em over the range q=O to 12 ~mole g ) while that of 
the Zn-H stretch increased slightly(by 5 cm-1 ) over the same 
q range. These shifts and the fall in T of the Ib state 
max 
imply a significant repulsive interaction between the adsorbed 
species, which are said to be located in densely populated areas 
of the surface. 23 Surface heterogeneity was regarded as a less 
likely cause of these effects since filling of the I sites also 
c 
shifted theIR frequency of the Ib species. 24 
The third desorption state, Ia' gave an IR band at 3455 cm-l 
This band could not be observed above 190K. A similar low 
' 30 
temperature form of type II has been reported by Kokes et aZ 
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-1 
which gives an IR band at 3455 em on adsorption at 195K. 
Estimates by Griffin and Yates of the binding energy, U, 
the activation barriers for adsorption and desorption, E d 
a s 
and Ed , are given in Table 7.2. 
es States Ib and Ic have 
similar binding energies but are differentiated by their activ-
ation barriers. Since the IR frequencies are the same, the 
shape of the potential energy wells near the minima must be the 
same and unaffected by the different values for Ed . 
es 
A calorimetric study by Fubini et aZ. 1 has-. also shown that 
the adsorption at room temperature is activated. It was deduced 
that Edes>9 kJ mol-l for type I. The differential heat of 
adsorption, h , is a function of surface coverage q, decreasing 
a 
-1 . 
rapidly at low q from 60 kJ mol (q=O) to become approximately 
-1 
constant at 14 kJ mol at high q. This suggests slight sur-
face heterogeneity at the very Z.owest coverages and may be re-
lated to the Ia species. At all higher coverages, the decrease 
in adsorption enthalpy was due to the simultaneous adsorption 
of type I (h =37-40 kJ -1 mol ) and type II hydrogen -1 (h =ca 14kJ mol ) . 
a a 
At high coverage" q, the differential heat of desorption 
of type I hydrogen was found to be 37 -1 kJ mol and constant with 
Adsorption and desorption i~otherms did not coincide but followed 
different paths, which points to different mechanisms for ad-
sorption and desorption. 1 
The TDS results of Griffin and Yates are curious in that 
the principal desorption peaks occur below room temperature. 
In an earlier study by Bara~ski et az. 21 the major ambient temper-
ature desorption peaks arose at 293 and 323K, assigned to type I 
Zn-H and 0-H species respectively. There is little agreement 
between the adsorption enthalpies and also the activation energies 
of desorption calculated by Bara~ski 21 , Griffin and Yates, 24 
q. 
[' 
0 
("'") TABLE 7.2 Published adsorption enthalpies, U; activation energies of desorption, Ed. ; es 
and activation energies of adsorption, E d , for type I hydrogen adsorption on ZnO 
a s 
I 
Griffin and Yates 24 .. 21 Baranski et aZ ·.· t 1 Fubini -~ aZ 
TDS TDS microcalorimetry 
I 
T u E E T u E u E state max des_1 ad~ ·state max -1 des _1 state -1 des_1 K kJ/mol kJ.mol kJ.mol K kJ.mol kJ.mol .kJ.mol kJ.mol 
I 173 
a 
29 50 21 
Ib 232 50 67 17 I a 293 <17 20 I 37to 40 >9 
I 305 54 88 33 Ib 323 <17 18 c 
.. 
The columns marked "state" show the authors'. labels for the TDS peaks which occurred at 
temperatures of maximum desorption, T 
max 
I 
reference 
method 
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and Fubini1 (see Table 7.2). We note that the discrepancies 
must be related to the different models used to calculate the 
thermodynamic quantities and the different times allowed for 
equilibriation of the H2 uptake. Type II adsorption occurs 
under the same conditions as type I but has a component which 
does not reach equilibrium for several days (see below) . The 
simultaneous formation of this species will affect the amount of 
type I adsorption. However, type II adsorption was not dis-
cussed at all in the paper by Grtffin and Yates. 24 We suggest 
here possible reasons why it was not observed in their results. 
According to Baranski, type II hydrogen gives TDS peaks in the 
two regions 723 to 600K and 573 to 523K21 , (see Section 7.1.3(b)). 
Griffin and Yates studied the TDS range 100 to 300K, therefore 
if, Baranski is correct they will not have observed TDS peaks from 
type II hydrogen even if such species were present on their 
23 . 
samples. Furthermore, according to Boccuzz1, type II hydrogen 
gives rise to two IR bands, at ca 3400 and 1475 cm-1 , in the 
region studied by Griffin and Yates 24 , see Table 7.1. These 
bands are broad and weak and have not been reported by other 
workers. It is probable, therefore, that type II adsorption 
was occurring simultaneously with type I adsorption on the 
samples studied by Griffin and Yates. 24 In view of this, their 
thermodynamic results may be inaccurate. 
At room temperature the uptake of type I hydrogen is thermo-
dynamically controlled. 30 The rates of adsorption of H2 and o2 
are equal. However, on exposure to HD, ZnH-OD species pre-
dominate over ZnD-OH by a factor of 2 to 3. Type I adsorption 
still occurs at 78K but below ca 240K, the process is kinetically 
controlled and becomes irreversible. A large kinetic isotope 
effect operates at 78K and the adsorption of H2 is 5 times faster 
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than that of n2 . HD adsorption then favours the formation 
of ZnD-OH by a factor of 20 to 100. 30 
Type I adsorption of hydrogen is not associated with any 
22 
conductivity change and at room temperature neither type I 
nor type II hydrogen form an accumulation layer. 
7.1.3(b) Type II hydrogen 
temperature. 
Type II adsorption is irreversible at room 
1 It may further be classified into two parts 
(a) A fast dissociative adsorption which has recently been 
reported by Boccuzzi et az 23 to give weak, broad IR bands at 
H 
14 75 and ca 3400 em -l assigned to stretching modes of Zn / '\. Zn 
and o--H···o bridged species, respectively. However, we were 
unable to observe a band at ca 1475 cm-l due to adsorbed 
hydrogen in our INS spectra of ZnO+H (Section 7.3.5; the 3400 cm-l 
band lies outside the frequency range of our INS results). 
In spite of the discrepancy, discussed in Section 7.3.5(a), 
between the INS 23 and IR results, we note that a frequency of 
-1 1475 em for a 
. H 
mode of Zn~ "zn species is consistent with 
the spectra of transition metal hydridocarbonyls obtained by 
Grafiam31 (see Figure 5.2, Chapter 
(~ 2 -H) 2M2 hydridocarbonyls give 31 
Five). Only (~ 2~H)M and 
-1 IR bands near 1475 em 
A (~ 2-H~2 zn 2 surface species on ZnO can be ruled out since the 
hydridocarbonyl analogy indicates that a strong IR band should 
-1 have been observed at ca 1224 em . The symmetric, v , and 
s 
H. 
antisymmetric, vas' stretching modes of M/'M in (~ 2-M)M2 hydrido-
carbonyls give IR bands in the region 895-1320 cm-l (weak) and 
1470-1670 cm-l (medium) t . 1 31 respec 1ve y. On this basis, · 
'Boccuzzi's assignment of the 1475 cm-l IR band to a 
H 
stretching mode of a surface zn/' "zn species can be 
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further specified as the antisymmetric stretch. No bands 
assignable to the v made of Zn~H"zn species could be 
s 
b d . th Z 0 H I.R. t f B · 23 h o serve 1n e n + spec ra o occuzz1 - sue 
31 bands are expected to be of low IR intensity. From 
H 
the hydridocarbonyl data, 31 no modes of a Zn~ "zn group 
other than v and v are expected to be observed by IR 
s as 
-1 
spectroscopy aboye 750 em , the low frequency cut-off 
of Boccuzzi's data. 23-
311 
H 
We also note that Zn~ "Zn bridges are found in compounds 
of the type: 32 
EtO OEt 
According to the IR data of Shriver et az 32 the above 
I 
compound, in a nujol mull, is reported to give a broad IR ab-
-1 
sorption from 900 to 1200 em assigned to a stretching mode 
/H ... , 
of the Zn Zn moiety. In the ether-free complex the band 
-1 is shifted from 1250 to 1650 em , and according to the authors, 
the ZnHZn moiety becomes linear. 
(b) The second component of type II is a slow dissociative 
chemisorption which requires several days at 298K to reach 
equilibrium. 1 This species has a heat of desorption of 14 kJ 
-1 ( -1 1 mol which is less than that of type I 37-40 kJ mol ) despite 
the fact that type IIb adsorption is slow and irreversible whereas 
type I is fast and reversible. These features suggest that 
type IIb sorption involves diffusion into the bulk. 1 The 
equilibrium amount of H2 which may be absorbed by ZnO has not 
been measured, due to the difficulties arising from the time 
taken to reach equilibrium and the occurrence of type I and rapid 
type II adsorption under the same conditions. 
The adsorption sites for both type II species are independent 
of those for type I hydrogen. It has been proposed9 that type 
II ads'orption occurs at faces which are not close-packed, such 
as the apolar (lOlO) face. Penetration by hydrogen into the 
bulk then proceeds along the channels formed by the aligned 
9 
octahedral holes (see Section 7.1.1). These channels make an 
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f.- acute angle with the (lOlO) surface and have at their narrowest 
~' -====-
0 
point, trigonal constrictions of diameter 1.2A. The activation 
barrier to absorption is probably high, being associated with 
the expansion of the trig.onal "squeeze points" as the hydrogen 
9 diffuses along the channels. 
Bara~ski et az 21 have assigned the highest temperature peak 
in their TDS spectra (ca 200 to 723K) t~ type IIa hydrogen. The 
value of T fell with increasing coverage from 723 to ca 600K. 
max 
This peak was observed even for adsorption at 238K and also for 
a partial hydrogen pressure of less than 1 torr and so could not 
have arisen from a high temperature adsorption state, type IV. 
A TDS peak in the range 573 to 523K, depending on initial coverage, 
21 has been ascribed to type IIb hydrogen. This peak is assoc-
iated with a maximum in the conductivity of ZnO at 453K during 
22 the adsorption of type IIb hydrogen. Formation of a protonic 
species and donation of electron density to the conduction band 
is thus implied. The pressure, PH , dependence of the con-
2 22 
ductivity, a, in this temperature range was given by: 
~· 
a = k (PH ] 
. 2 
+ 
which was explained by assuming a a. [H l = [e-] 
conduction band. 
and the dissociation scheme: 
H 2H 2H+ ·+ 2e 2 ( m = (.a d.s) = 
This is consistent with the formation of an interstitial pro-
tonic hydride phase on type IIb adsorption. 
Bara~ski et az 21 noted that another TDS peak, at 370K, 
was also a candidate for type IIb hydrogen. But since this 
peak is associated with an uncharged species, 21 ' 22 it cannot 
be due to an interstitial hydride. We suggest that it might 
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possibly arise from a precursor between the bridged and 
interstitial states. 
The catalytic activity, e.g. for alkene hydrogenation, of 
both forms of type II is still unclear; type I is certainly far 
t . e.g.33 more ac 1ve. 
7.1.3(c) Type III hydrogen 
This is a weak mole~ular chemisorption for which 
-1 34 the heat of adsorption is 9.2 - 10.5 kJ mol . It forms on 
adsorption at room temperature followed by cooling to 77K, and 
is removed by pumping at 90K. It occurs at the same type of 
sites as type I but is less extensive. The H-H (and D-D) stretch 
becomes IR active on adsorption (see Table 7.1). This species 
is not active in H2/D2 exchange. It is, however, involved in 
ortho/para hydrogen conversion, the barrier to rotation about 
an axis perpendicular to the surface being sufficient to prevent 
f t t . 34 ree ro a 1on. 
Two TDS peaks, at ca 210K and 260K, have been tentatively 
assigned to type III by Bara~ski et al. 21 These lie in the 
range reported by Griffin and Yates for type I. 24 We feel that 
the peaks from 210 to 323K in the results of Bara~ski et al should 
all be associated with type I and suggest that type !'![ would give 
peaks at much lower temperatures. 
7.1.4 Published IR data for hydrogen adsorbed on ZnO 
Boccuzzi et al 7 have studied theIR spectrum 
(700-4000 cm-1 ) of ZnO dosed with o2 and H2 from 97 to 523K. 
The particles of ZnO, of unstated average dimensions, were said 
to be sufficiently small to cause considerable ~catte~ing of the 
314 
incident light (by diffraction from particle edges). 
No IR bands were observed due to chemisorbed H or o. 
The spectra obtained at various temperatures under a con-
stant pressure of o 2 showed (Fig.7.5): 
(a) multiphonon bands from 700-1100 cm-l 
(b) 2 narrow bands in the range 1300 to 1600 cm-l due 
to co3 impurities; 
(c) weak bands in the 3400 to 3700 cm-l region due to 
residual hydroxyls. 
On heating the sample to 433K in vacuo or in an H2 
atmosphere, all the above bands disappeared. The spectrum 
became a smooth curve with a transmission of <20% at frequencies 
-1 
of 2000 em and above. At lower frequencies, the transmission 
strongly increased (see Fig.7.5). 
Heating the sample, especially when it bears chemisorbed 
H, will raise the electron density in the conduction band. 
The frequency, vpl' of a longitudinal plasmon mode increases 
with the number, 
v = pl 
35 
n, of free electrons, thus: 
2 
ne 
TIE m 
00 
* 
e = electronic charge, 
m* =effective ,mass of conduction band electrons, 
E = high frequency dielectric constant of the medium. 
00 
Coupling between a phonon mode of frequency vLO and a plasmon 
mode can occur on increasing n such that vpl = vL0 . Only 
longitudinal optical (LO) phonon modes may couple with these 
plasmon modes. In the absence of damping, the coupled system 
gives rise to two vibrational transitions whose frequencies, 
w+ and w , are slightly displaced from vLO (vLO occurs at 
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Fig. 7.5 IR spectrum of ZnO 
1) at 433K in o2 (40 torr) 
2) at 433K in. vacuo. 
Taken from Boccu~i ~ al., ref. 7. 
~ 
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-1 . 
ca 580 em 1n ZnO, depending on the crystal orientation, 
see Table 7.3). These two transitions have been observed 
in the Raman and IR reflectivity spectra of semiconductors 
with the wurtzite (and zinc blende) crystal structure, the 
samples having been doped to alter the electron population 
Of the Conductl·on b. and. 36 ' 37 H b th 1 d owever, ecause e coup e 
p1asmon-phonon system has longitudinal character, the bands 
at w+ and w_ are not observable by IR transmission measurements. 
For sufficiently high free-electron concentrations, 
vp1 >>vLO and the effect of the phonon-plasmon coupling is very 
much reduced. A mode of largely plasmon character will occur 
38 
near vpl and a mode of principally phonon character near vLO' 
instead of two (coupled) modes near vLO" The mode near vpl 
may be observed in an IR transmission experiment, as reported 
-1 38 for small particles of CdO at ca 2000 em 
Boccuzzi et ·al 1 ascribed the loss of structure of 433K 
in their IR transmission spectra (Fig.7.5) to surface plasmon-
phonon coupling. The extent of this coupling was not discussed 
and we wish to develop the authors• 7 explanation of Fig.7.5. 
Strong phonon-plasmon coupling in ZnO is expected to give two 
transitions close to 580 cm-1 , rather than a single broad band 
-1 -1 in the IR extending from 700 em to above 4000 em Thus 
strong coupling of surface phonons and plasmons on Boccuzzi's 
sample cannot have occurred. It is known that a maximum in 
the conductivity of ZnO+H, and therefore also in the free electron 
population, occurs at 453K. 22 Thus we assign the intense 
-1 
absorbance above ca 2000 em in Fig. 7.5 (spectrum 2) to sur-
face plasmons which, because of the increased electron density 
in the ZnO conduction band at 433K, are only weakly coupled, 
if at all, to surface phonons. The loss of detail in the 
r-
r--i 
("") 
TABLE 7.3 Optical parameters of a single crystal of ZnO (taken from ref. 4) 
frequency, -1. em 
mode 
TO mode LO.mode 
1 406 I 589 
II I 377 I 575 
The symbol 1 denotes the case of the electric field vector of the incident light 
perpendicular to the crystal c-axis and I I denotes the parallel case 
TO = transverse optical phonon mode 
LO = longitudinal optical phonon mode 
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vibrational spectrum at 433K (Fig.7.5, spectrum 2) may be 
related to the high free electron population. 
Boccuzzi et aZ 7 also obtained the IR spectrum of a ZnO 
sample at 433K under 40 torr H2 which was very similar to that 
obtained at 433K in vacuo (Fig.7.5, spectrum 2). However, on 
.cooling to 300K under H2 the transmittance fell to zero below 
ca 2000 cm-l This is remarkable since the modes of type I 
hydrogen are normally observed under the latter conditions 
( 300K) . Neither plasmon-phonon coupling nor absorption by 
pure plasmons explain this effect. 
7.1.5 Likely contaminants on ZnO surfaces 
It is known that ZnO rapidly adsorbs H2o and co2 
27 
when exposed to the atmosphere. The resulting species will 
be the most likely surface contaminants in the samples used for 
the IR studies and our INS study of Zn0/H2 . Surface carbonate 
-1 24 groups give IR bands in the region 1600 to 1250 em . 
According to Atherton et aZ, these are removed by heating in 
o2 and H2o at 673K and subsequent cooling in o2 .
39 Milder 
2-
calcination conditions do not completely remove surface co3 . 
24 For example, Griffin and Yates prepared a sample of Kadox 25 
by heating in vacuo, at 6GJk,_: for 3 hours then cooling to 57 3K,:. 
followed by cooling to room temperature under o2 . The resulting 
sample showed strong, broad IR bands assigned to surface carbonate 
-1 
at 1584, 1520, 1380 and 1324 em . The samples used in the 
present INS study were prepared under similar, moderate conditions. 
Thus the presence of some surface co3 on our samples cannot be 
ruled out. 
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Adsorption of water on ZnO at room temperature and above 
produces surface hydroxyls. IR bands from such species have 
been observed by Atherton et az 39 at 3440 (broad), 3555 (broad}, 
3620 (narrow) and 3670 cm-l (narrow). Similar results were 
reported by Morishigue et at 40 who observed bands at 3425 (broad), 
3540 (broad), 3605, 3650 and 3675 cm-1 , the latter three bands 
all being narrow. The bands assigned to surface -OH formed 
by the adsorption of H2o do not coincide in frequency with those 
due to the hydroxyls produced on H2 adsorption, the latter 
occurring at 3498 and 3455 cm-l (Table 7.1). Isotope exchange 
39 
experiments, admitting n2o to a surface already exposed to H2o, 
caused no change in the IR spectrum in the region where one would 
observe the H2o bending mode (1640 cm-l in liquid water, 
in the gas phase 41 ). All the adsorbed H2o had there-
fore formed surface hydroxyls and the ZnO carried no undissociated 
expect to 
1595 -1 em 
H2o. The hydroxyls originating from H2o adsorption are not 
completely removed by the sample preparation technique used for 
our INS experiment and are thus a likely conta~inant. It 
has been est~mated42 that less than 0.05 monolayer of both -OH 
and -co3 species remained on a ZnO surface after a pretreatment 
involving three cycles at 673K of alternate exposure to 20 torr 
o2 for 20 minutes followed by outgassing for 60 minutes. Our 
INS samples were prepared under slightly milder conditions. 
Thus although undissociated H2o is expected to be absent from 
the surface of our INS samples, a very low concentration of -OH 
species is likely. This is confirmed by the IR spectrum of a 
ZnO sample we obtained after a calcination treatment similar to 
that used for the INS samples (Fig. 7.11,, Section 7.7.3(c))). 
Only very weak bands were observed due to surface hydroxyls and none 
were ascribable to surface H2o. 
320 
7.2 Experimental 
The beryllium filter detector spectra of ZnO and ZnO 
plus adsorbed hydrogen have been obtained using the INIB 
spectrometer in the range 320 to 2230 cm- 1 . The spectra 
were recorded at 77K. 
The ZnO sample was Kadox 25 (New Jersey Zinc Co.) which 
is produced by burning zinc in air. It was calcined by 
heating to 723K in a static, but periodically refreshed, dry 
oxygen atmosphere, cooling to room temperature under oxygen 
-5 
and subsequent evacuation to 7 x 10 torr. The oxygen was 
dried by slow passage through an acetone/solid co2 cold trap 
at 196K. Hydrogen (99.9995%, Masonlite, Chatham) was adsorbed 
by exposing the sample to 390 torr H2 at room temperature for 
10 minutes, followed by cooling to 77K. This method is ex-
pected to produce types I, II and III surface hydrogen. From 
the work of Kokes et aZ 26 , 30 and of Fubini, 1 we expect the 
concentrations of the surface hydrogen species to be typeiii>I>II. 
Because of equipment availability, the commercial service 
provided by Coulter Electronics Ltd., Luton, was used to find 
out the surface area and particle size distribution of our 
Kadox 25 samples. The N2 B.E.T. surface area of a portion of 
the calcined Kadox 25 sample used for our INS experiments was 
2 -1 7.8 m g 2 -1 This is close to a value of 8.3 m g reported 
by Baranski and Cvetanovic53 for crushed, pelleted Kadox 25 
ZnO which had been calcined in o2 to 673K. The particle size 
distribution of our samples was measured by a capacitance 
technique using a 5% (by mass) solution of LiCl in CH 30H as 
an electrolyte and a polyethylene glycol dispersant for the 
ZnO. It was found that 87.6% of the ZnO particles, assumed 
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to be spherical, had a diameter of less than l.O~m anq 71.3% 
had a diameter of less than 0.79~m. The particle size 
distribution was unchanged by calcination. 
The volume of H2 adsorbed by calcined ZnO for our INS 
3 
experiments was ca 85 em (N.T.P.). This quantity of hydrogen 
would scatter 1.4% of the incident neutron beam and the ratio 
of the incoherent scattering cross section of adsorbed H to 
that of ZnO is 8.8 to 1.0 (at an incident neutron energy of 
-1 204 em . The uptake of H2 by our INS sample was 68 ~mole H2/ 
2 g ZnO, equivalent to a coverage, q, of 8.7 ~mole H2/m • If 
the adsorption of H2 was entirely molecular (in fact it is not, 
because type I adsorption occurs) , this uptake would corres-
pond to a coverage of 0.7 monolayers H2 , assuming that the 
o2 57 
area occupied by both H2 and N2 admolecules is 16A . 
We have obtained IR spectra of a self-supporting disc 
of Kadox 25 from 4000 to 750 cm-1 , recorded at intervals during 
a calcination procedure similar to that used for the INS sample. 
The spectra are shown in Figures 7.9 to 7.11 below and dis-
cussed in Section 7.3.3(c). Table 7.4 summarises the experi-
mental details. 
The sample was held in a vacuum cell and an IR spectrum 
-2 (Figure 7.9) recorded after evacuation to 4.5 x 10 torr at 
299K. After heating the ZnO under oxygen to 431K and re-
evacuation of the sample-cell, the IR spectrum was recorded 
at 431K. This o2/heating procedure was repeated twice to 
higher temperatures (Table 7.4). Finally, after heating in 
o2 to 725K, the sample was allowed to cool under vacuum to 
305K and the IR spectrum (Figure 7.11) was recorded. Because 
23-25,30 
the IR data obtained are similar to those already published, 
TABLE 7.4 The experimental conditions used for the recording of the IR spectra 
of ZnO during the calcination process 
figure pressure o2 initial final time to heat Conditions under which 
no. used during terrperature tem.:perature fran T1 to IR s.:pectra were re-
heating, torr T1 , K T2 , K T2 , min. 
corded note 
Pressure, Temperature, 
-.D-torrxlO K 
9 0 299 299' 113 4500 299 S.:pectrUm recorded 
after 113 mins. of 
evacuation. No 
exposure of sample 
to o2 . 
- 9.2 299 431 55 6 431 
- 21.0 431 573 74 5 573 
10 21.3 573 725 60 7 725 
ll 0 725 305 100 6 305 Sample allowed to 
cool from 725K to 
305K in vacuum be-
fore recording IR 
s.:pectrum 
----- -- - -- -
I 
The sample was heated from a temperature T1 K (col.3) to T2K (col.4) under vacuum or under o2 
(col.2). On reaching T2 , the o2 was evacuated and the IR spectrum recorded under the con-
ditions in cols.6 and 7. The calcination procedure was then ~ontinued by heating from T2 
under o2 , or, for Fig.7.ll, cooling under vacuum. 
w 
IV 
IV 
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we present (Section 6.3.3(c)) only a selection of our 
recorded spectra in this thesis, sufficient to illustrate 
the effects of the calcination procedure. However, the 
band fr~quencies observed in each IR spectrum that we re-
corded during the calcination are summarised in Table 7.7 
below. 
Because, for the self-supporting disc, the sample was 
. -1 totally absorbing below 700 em a spectrum of ZnO diluted 
-1 
with KBr was also obtained so that the region 700 to 300 em 
could be studied. The Raman spectrum of ZnO was also recorded. 
No pretreatment of the sample was carried out for the Raman or 
ZnO/KBr IR experiments. 
7.3 Results - the vibrational spectrum of ZnO and H2= 
adsorbed on zno . 
7.3.1 Introduction 
The space group of wurtzite ZnO is c6v and there 
are 4 atoms per unit cell. Group theory therefore predicts 
that the phonon spectrum will comprise 3 acoustic and 9 optic 
43 
modes. The optic modes are classified thus: 
1 X Al mode IR + R active 
1 X El mode IR + R active 
2 X E2 mode R active only 
2 X Bl mode inactive 
However, according to the Lyddane-Sachs-Teller (LST) 
35 theory, long range electrostatic forces in a crystal may cause 
splitting of the formally IR active optic phonons into trans-
verse (TO) and longitudinal (LO) branches. The LO branch 
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generally occurs at a higher frequency than the TO branch(es) 
near the Brillouin zone centre. In addition to the long 
range forces, short range forces, arising from the repulsions 
between the electron clouds of adjacent atoms, also operate 
in uniaxial crystals like ZnO. These short range forces lead 
to anisotropy of the force constants of particular phonon 
branches. Because of this anisotropy, the transverse phonon 
branches will occur at different frequencies, VI It or vlt' 
depending on whether they are propagated in a direction parallel 
or perpendicular, respectively, to the unique crystal c-axis. 
In the same way, an LO branch may arise at·two different fre-
quencies, vlll or v ll. 
The LO and TO branches arising from either mechanism of 
splitting retain the same IR/R activity as the parent phonon 
mode with one exception: all the LO branches are IR inactive 
regardless of their symmetry. 
In summary, new phonon-like modes may appear in the IR 
and /or Raman spectra of ZnO that are not predicted by unit 
cell group analysis. Indeed, the splitting of both the E1 
i" 
ana Al optic phonon modes of ZnO into LO and TO branches was 
44 
reported in the Raman by Damen et al. This was observed by 
orientating .differently cleaved single crystals of ZnO with 
respect to the incident light such that the phonons were pro-
pagated along the main crystallographic axes (see Section 7.3.2.). 
If the incident light is orientated at a general angle 6 
with respect to the crystal axes, or if a polycrystallic sample 
is used, then the nature of the excited phonons depends on the 
relative magnitude of the long range and short range forces in 
the crystal. 44 .According to Damen et al, the long range forces 
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dominate in ZnO. 
vt given by: 35 
The TO modes then arise at a frequency 
and the LO modes at a frequency v1 given by 
. 28 s~n 
Thus the bands observed from powdered samples may be 
broadened and the frequency maxima slightly shifted from 
those observed from single crystals. 
Furthermore, the unit-cell group selection rules for the 
activity of multiphonon bands will be relaxed. The multi-
phonon bands will be infrared and Raman active for all orient-
ations of the crystallites. 35 
We now present the Raman, infrared and INS spectra of 
ZnO, in that order, followed by the INS spectrum of hydrogen 
adsorbed on ZnO. 
7.3.2 The Raman spectrum of ZnO 
The Raman spectrum of Kadox 25 before any sample 
pretreatment was carried out is shown in Fig.7.6 and in Fig.7.7 
under higher resolution. The data are summarised in Table 7.5, 
column 5, using the higher resolution results for the weaker 
spectral features. 
Also included in Table 7.5 (columns 1 to 4) are 
the single crystal Raman data reported by Damen et az 44 and 
Mitra et az. 45 No sample pretreatment was used in either case. 
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TABLE 7.5 The frequencies and assignments of bands in the vibrational spectrum of ZnO 
Raman 45 I Raman 44 Raman I INS method Mitra Dam en ~-------this work------------) reference 
<--------uncalcined ZnO, room temperature --------> calcined ZnO sample, temperature K 
77K 
-1 assignment -1 assignment -1 -1 assignment (this work) em em em em 
101 E2 100 vs TO phonon 
180 TO (E2) 
208 mp 204, 2ll·VW mp 
334 mp 335 m mp 
383 TO (E2) 380 TO (Al) 383 w TO phonon 
420 TO (Al) 407 TO (El) 414 w,sh 
438 TO (El) 437 E2 440 vs 437 vs TO phonon 
538 LO 543 w,b 553 vs LO phonon (Al) 
574 LO (Al) 
588 LO 583 LO (El) 588 w LO phonon (E ) 1 I 635 sh mp{l00+543=6!3cm=1 ) 658, '665 w,b 749 m mp(2 x 383=766cm_1 ) 877 m mp{2 x 440=880cm ) 
986 mp 
-1 1007 m mp{440+588=1028cm_1 ) 1084 b mp 1072 sh,w mp(2 x 543=1086cm_1 ) 1105 sh mp(543+588=112lcm_1 ) 1149 b mp 1150 s,b mp(2 x 588=1176cm ) 
1346 vs,b ? 
---- -- -- -
l . 
LO = longitudinal optical phonon mode; TO = transverse optical phonon mode; 
mp = multiphonon mode; b = broad; m = medium; s = strong; sh = shoulder; v = very. 
0 
,·,..- ... 
t I 
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There is little agreement between the two published sets 
of frequencies and their assignments (Table 7.5, cols.l to 4). 
The Raman data for our polycrystalline sample (Table 7.5, col.5) 
are closer to that of Damen than th~t of Mitra, especially below 
-1 1 
ca 440 em In particular, we observed no transition at 180cm-
unlike Mitra et a~ who assigned an E2 phonon to this frequency. 
Thus our data support the alternative assignment by Damen et a~ 
-1 
of the E2 mode to a band at 101 em . 
The work of Damen was a polarised Raman study using two 
differently cleaved single crystals of ZnO, one crystal cleaved 
with sample edges parallel to the crystal a-axis, and the other 
with edges at 45° to the axis. Their assignment scheme relied, 
in part, on the different polarisation of phonon modes in the two 
crystals. On the other hand, Mitra et a~ 45 used only one single 
crystal of ZnO. It was not reported how the crystal was cleaved. 
Since the assignment scheme of Damen (Table 7.5,col.4) had had 
to meet a more stringent test than that of Mitra (Table 7.5,col.2), 
and also because of the closer correspondence in the observed fre-
quencies between our Raman data and those of Damen rather than 
those of Mitra (see Table 7.5,cols.l,3~5), we prefer the assign-
ment scheme of Damen. The differences between the band frequencies 
reported by Damen and those observed in our Raman data are insigni-
ficant given the estimated precision of ±3cm-l for our Raman 
spectrometer (Chapter Four). 
7 
The results of Damen44 are summarised in Table ~.5(cols.3,4) 
which lists the frequencies of the fundamental phonon modes 
obtained using results from both crystals. The A1 LO mode was 
observed, at 574 cm- 1 , as a strong sharp band only in the spectrum 
0 
of the 45 cleaved crystal. The parallel cleaved crystal gave 
broad bands from 540 to 670 cm- 1 , the observed frequencies de-
pending on the sample orientation. This effect was explained44 
in terms of the LST theorem on the A1 LO and E1 LO phonons whose 
331 
fundamental frequencies were determined to be 574 and 583 cm-l 
respectively. The LST effect also operates in the Raman 
spectrum (Figs. 7.6, 7.7) of our polycrystalline sample. We 
-1 
observed broad weak bands at 543 and 588 em (Fig. 7.7) which 
we assign to the A~ and ~ LO phonons respectively. 
' 
Bands observed at 1150(S), ll05(sh), 765(w) and 758(w) 
in our spectrum (Figs. 7,6, 7.7) are assigned to multiphonon 
bands. Column 7 of Table 7.5 indicates the possible funda-
mental phonon modes involved. The fact that the observed 
-1 
em 
multiphonon bands arise at slightly lower frequencies than those 
thereby predicted is probably due to anharmonic effects. The 
-1 two weak multiphonon bands at 765 and 758 em may both be due 
to the first overtone of the 383 cm-l fundamental phonon mode 
(Table 7.5, cols. 5,7), a small difference in frequency (765 
-1 
c.f. 758 em ) possibly arising from different orientations of 
the ZnO crystallites. 
7.3.3 The IR spectrum of ZnO 
(a) Introduction 
The low frequency IR spectra of small, ionic crystals, 
where the crystals are of a diameter smaller than that of the 
wavelength, A, of the incident light, are almost completely 
3 determined by the crystal surface. For these small particles, 
optic surface phonons are observed in the IR, the frequencies 
depending on the shape of the crystal and on the dielectric 
constant of any supporting medium, say KBr in the pressed disc 
technique. Since ZnO has a, uniaxial crystal structure, the 
dielectric constant for phonon propagation parallel to the unique 
crystal c-axis is different from that for propagation perpendic-
ular to the axis. For a microscopic ZnO crystal of a given 
332 
shape, two surface phonon modes, of different frequency, may 
occur in the IR spectrum, corresponding to phonon propagation 
parallel and perpendicular to the c-axis. The frequencies of 
IR active surface phonons of ZnO particles of various shapes 
are given in Table 7.6. For a ZnO crystal of a size very much 
smaller than A, the two surface phonons are the only transitions 
expected in the IR and the bulk TO phonons predicted to be IR 
active by group theory (i.e. the Ai and E1 modes, Section 7.3.1) 
will not be observed. This is the case for our present ZnO 
sample (see Section 7.3.3(b)). Spme"87.6% of the.particles of our ZnO 
Sclmple had-a diameter of""less than 1~ (see Section 7.-3).-.lVihereas the surface 
111 . . 1 . - . - 1 17 VI phonon.rrodes are observed :erom ca 350 an- (.Zj .... ifjlffi) to 600 an- (.i.9lJlll). 
-1 Above 750 em , the only IR bands observed from Kadox 25 
ZnO are due to either surface impurities or to multiphonon 
bands (see Section 7.3.3 (c)). 
The IR spectrum of ZnO is now discussed in two sections: 
the surface phonon region from 300 to 750 cm-l in Section 7.3.3(b), 
-1 
and the 750 to 4000 em region in Section 7.3.3(c). 
(b) -1 The observed IR spectrum of ZnO, 750 to 300 em 
-1 The transmission IR spectrum from 750 to 300 em of un-
pretreated Kadox 25 supported by a KBr disc is shown in Fig.7.8. 
Strong absorption occurs in the range ca 350 to 600 cm-l 
-1 
with partially resolved bands at 440, 490 and 525 em We 
assign the absorption over the whole frequency range to surface 
optic phonons of microscopic ZnO crystallites. The width of 
the absorption indicates a variety of crystallite shapes; however, 
the maxima at 440, 490 and 525 cm-l suggest a predominance of 
particles of approximately cubic, spherical and cylindrical . 
shape (see Table 7.6). 
M 
M 
M TABLE 7.6 Infrared activities and frequencies of surface phonon modes 
of ZnO supported in a KBr disc, (from ref.4) 
frequency, -1 particle particle formal em 
shape orientation IR activity 
527 cylinder 1 active 
512 cylinder II inactive 
496 sphere 1 active 
477 sphere II active 
470. cube 1 active 
447 cube II active 
I 
- - - -
I 
The symbol 1 denotes orientation of the crystallite c axis perpendicular to the 
electric field vector of the incident light, and I I denotes the case of parallel 
orientation. 
334 
Fig 7.8 The IR spec~rum (750 to 300 cm-1 ) of ZnO supported 
by a KBr disc. 
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The IR maximum at 440 em-! (Figure 7.8) is not assigned to 
the E2 bulk phonon which was observed in our Raman data at 
-1 . ~ 
em (F1gure 7.7; Table ~.5, col.5). Our reasons are: 
. -====-< 
440 
1. Group theory predicts that the E2 mode is Raman active 
but IR inactive (see Section 7.3.1); 
2. Particle size arguments predict bulk phonons to be IR 
inactive for our sample (see Section 7.3.3(a)). 
~he original assignment of the E2 mode was made by Damen 
t -t 44 . th . 1 . d R t d f . 1 . t 1 (T bl e a~ 1n e1r po ar1se aman s u y o s1ng e crys a s a e 
7. 5, cols. 3, 4) . According to these workers, the ·polarisation 
characteristics of a Raman band at 437 em-! lead to its 
"unambiguous" assignment to the E2 bulk phonon. Therefore, 
the Raman band at 440 em-! (Figure 7.7), and theIR maximum at 
440 em-! (Figure 7.8) in our results for Kadox 25 have ~ifferent 
physical origins. 
-1 The IR spectrum (750 to 300 em ) of small ZnO crystals 
supported in a Csi pressed disc has been reported by Yamamoto 
-4 
et aZ. Only one very broad feature was observed, with three 
partially resolved bands at 400, 483 and 520 em-! The bands 
were assigned to the surface phonon modes of cubic, spherical 
and cylindrical ZnO crystals respectively. 4 These ·frequencies 
are lower than those observed from our ZnO/KBr sample (Figure 7.8) 
which is due to the higher dielectric constant, e:, of Csi (e:=3.1) 
compared to that of KBr (e:=2.3). The results of Yamamoto~ are 
therefore consistent with our data for ZnO/KBr (Figure 7.8). 
(c) -1 .TheIR spectrum of ZnO in the range 4000 to 750 em 
IR spectra of Kadox 25 ZnO from 4000 to 750 em-! using a 
self-supporting disc are shown in Figures 7.9 to 7.11 and summar-
ised in Table 7.7. The spectra show considerable differences 
\.0 
M 
M 
F1g. 7.9 
100 
-2 IR spectrum of ZnO a~ 299K recorded after evacuat1on to 4.5 x 10 torr. 
"' s 
r-
M 
M 
Fig. ?.10 IR spec~rum o1· ZnO a~ ?25K, 7.0 x 10-5 torr, recorded after hea~ing in o2 to 
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TABLE 7.7 Frequencies of bands observed in the infrared spectra 
of Kadox 25 ZnO during the calcination process 
The sample was heated in o2 to various temperatures and the 
IR spectra recorded after evacuation of the o2 . o2 was then 
readmitted to the sample and the heating resumed. Column 5 
lists the frequencies observed after cooling the sample in 
vacuo from 725K to 305K. 
in Table 7.4. 
Further e:x_Perimental details are given 
299 431 573 725 305 Tenperature, 
assignment 
785 s 780 s 780 m,b ~90, 770 m,b ) 
875 b,vs 870 b,vs 865 vs,vb 865vs,vb 873 vs,b ) multi phonon 
910 s,sh 900 sh 900 sh ) bands 
985 s 980 s 975 s,b 970 s,vb 985 vs ) 
1015 s,sh 1015 s,sh 1015 ms ) 
1085 m,sh 1085 m,sh 1070 rnb,sh 1065 rnb,sh 1085 m ) 
) 
1145 w,sh ) 
1200 vw 1200 w ) 
1215 vw 1220 vvw 1210 w,vb 1225 w,b ) 
1235 w 1245 w ' ) surface 
1260 vw ) carl:xmate 
1290 w, b, 1285 w ) species 
) 
) 
1365 sh,ms 1340 m 1330 m 1335 ms,b (1330 ms ) 
1385 s 1385 s (1345 ms ) 
1425 s 1420 ms 1435 s,b 1405 m,b 1410 m,b ) 
1470 s 1470 ms ) 
1495 sh 1490 m 1485 mw ) 
1505 ms 1520 m, sliJ. 1517 ms,b 1525 ms,b ) 
1550 sh,ms 1555 ms,sh 1550 s,b 1550 m,sh 1550 m,sh ) 
1577 m,sh ) 
1615 m,sh 1615 m,sh ) 
1640-1690 w 640-1690 vw 1640-1690 vw v o (H20) 
2875 s 2860 m ) v (C-H)of 
2930 s 2930 ms 2930 w ) symsurface 
2960 ms 2960 ms 2970 mw ) impurities 
K 
3440 vb,vs 3440 vb,ms -3200-=3600 m ~ weakly held OH 
3560 b,s, ) -) 3565 b,ms - -3590 b,s, 3615 m 3615 w 3620 ) strongly held 
3660 ms 3665 m 3655 m 3655 w 3670 w ) OH 
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and were obtained after heating the sample in o2 to various 
temperatures followed by evacuation of the sample cell. The 
experimental conditions were summarised in Table 7.4. Our 
purpose in obtaining these IR data was to observe the effects 
of the calcination procedure (Section 7.2) in removing surface 
-1 
contaminants and to investigate the 1346 em region of the 
spectrum, this being the frequency of an intense band in our 
INS spectrum of calcined ZnO (Section 7.3.4). 
(i) The 4000 to 3000 cm-l region 
-2 After evacuation of ZnO to 4.5xl0 torr at room 
temperature, four strong IR bands were observed, at 3440, 3560, 
-1 3590 and 3660 em (Figure 7.9). The most likely origins of 
these bands are the v of surface hydroxyls and the v of 
s~ s~ 
surface water. For water itself, this mode occurs at 3652 cm-l 
in the gas phase and 3450 cm-l in the liquid. 41 Since Figure 
7.9 shows only very weak intensity in the region ca 1640 to 
1690 cm-l where the v 0 mode of any surface H20 would be expected 
(see Section 7.3.3(c) (iii)), we assign the four strong bands 
-1 from 3440 to 3660 em to the stretching mode of surface hyd-
roxyls. These assignments are in accord with those of Atherton 
et az 39 for the modes of surface hydroxyls on ZnO which are 
1 . d . bl 7 8 1 'th f . t d39,40,46-48 1ste 1n Ta e . a ong w1 requenc1es repor e 
for the modes of hydroxyls and water on the surfaces of several 
oxides. Atherton et az 39 confirmed by deuteration experiments 
that the four IR bands they observed from 3440 to 3670 cm-l 
(Table 7.8) were due to the modes of surface -OH rather than 
surface H2o (Se~tion 7.1.5). 
As a result of calcination of our ZnO samples, the bands 
in the region ca 3400 to 3700 cm-l became extremely weak, that 
.--i 
""' ("') 
TABLE 7.8 IR frequencies observed in the range 2800 to 4000 crn-l of some oxides 
due to modes of surface hydroxyls and surface water 
ZnO ZnO ZnO y-Al 2o3 Si02 (cabosil TiO 39 40 47 2 48 this work Atherton Morishigue Uvarov46 McDonald Yates 
-1 assign- -1 assign- -1 assign- -1 assign- -1 assign- -1 assign-ern 
rnent ern rnent ern rnent ern rnent ern rnent ern rnent 
2800 ) 
to ) w 3100 ) 
3425 OH 3400 ) to ) w 
3440b OH 3440b OH 3350 ) 
I 
3540 OH 
3555b OH 
3560b OH 
3590> OH 
3605 OH 
3620 OH 
3650 OH 3650 OH 
3660 OH 
3665 OH 
3670 OH 
3675 OH 3675 OH 3675 OH 
3680 OH 
3700 ) 3750 OH 
to ) w 
i>4000a ) 
'----------- ------ -·--------" -- - .I I 
OH denotes the v mode of surface -OH; W the v mode of surface water. 
s~ s~ 
a: limit of scan 4000 crn-1 ; b: broad 
Sample 
Reference I 
,I I 
342 
-1 
at 3440 ern being cornpletley lost (Figure 7.11) indicating 
significant removal of surface hydroxyls. 
Our IR spectra (Figures 7.9 to 7.11) show no resolved 
bands assignable to the v mode of type I surface hydroxyls 
syrn 
which occur23- 25 , 30 at 3498 after H2 adsorption on ZnO (see 
Table 7.1). Nor is there any evidence for type II surface· 
hydroxyls, reported to give a broad, weak IR band at ca 3400 crn-l 
(Table 7.1) on. . .. . ' 23 :. Zn0/~.2 sa_rnples. 
(ii) The 3000 to 2500 crn-l region 
At room temperature, three sharp bands are observed 
in this region, at 2960, 2930 and 2875 crn-l. (Figure 7.9). 
Calcination completely removed these bands (Figure 7.11) which 
have not been reported elsewhere for ZnO. The frequencies 
are typical of the C-H symmetric stretching mode of aliphatic 
hydrocarbons and we therefore assign the bands to v (C-H) modes 
s 
of surface contaminants on the ZnO. These contaminants are 
expected to be absent from our INS samples which were subjected 
to a similar o 2 pretreatment. 
Support for our assignment is provided by the IR 
. 47 
spectrum of Si02 (Cabosil) obtained by McDonald. An un-
treated Sio2 sample showed bands at 2960, 2959 and 2875 crn-l 
which disappeared after heating for several minutes at 773K 
Th b d · · d 47 h C H t t h f e an s were ass1gne to t e - s re c o 
surface impurities. 
(iii) The 2500 to 1100 crn-l region 
Saussey et az 10 have studied the IR spectrum of 
co2 adsorption on ZriO. Their sample was Kadox - 15, pretreated 
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with o 2 at 723K. Column 1 of Table 7.9 lists the bands 
observed at room temperature after equilibr;[ating the zno 
. =.. 
-3 
surface with 6 x 10 torr co2 , and column 2 the bands observed 
-8 
after room temperature evacuation to 2.6 x 10 torr. All 
the bands listed in Table 7.9 were assigned to modes of 
variously bonded surface carbonate species. 
In accord with the results of Saussey, 10 the bands in our 
IR spectra of ZnO (Figures 7.9 to 7.11), in the region 1615 to 
1200 cm-1 are .assigned to the modes of surface carbonate species. 
The majority of these bands are lost during the heating treat-
ment and after calcination, the only features (Figure 7.11) 
remaining in this region were at ca 1550 cm-l (shoulder),· 
-1 1525 (ms), 1410(m), 1345(ms) and 1330(ms) em , assigned to 
strongly held surface -co3 groups. 
In this range of the spectrum the v 0 mode of any surface 
H2o would be expected. This mode occurs at 1640 cm-l in liquid 
5 -1 . . h 41 h . 1 water and at 159 em 1n the gas p ase. T e on y strong 
band in this region, 1615 cm-l (Figure 7.9) was also observed as 
a strong band by Saussey et az 1o in their ZnO/Co; IR spectra, 
and is therefore assigned to surface carbonate. There are no 
resolved bandi in our IR spectra (Figures 7.9-7.11) assignable 
to v 0 of adsorbed water. However, the 1615 cm-l band exhibits 
a high frequency tail extending to 1690 cm-l at 299K (Fig.7.9). 
We assign this tail to the v 0 mode of surface H2o. The high 
frequency compared with that for liquid water indicates signifi-
cant hydrogen bonding between the adsorbed water molecules and 
suggests that the H2o is not very strongly held by the ZnO. 
Accordingly, the IR intensity of the tail is progressively re-
duced on heating, c.f. Fig. 7.9 (299K) with Fig. 7.10 (725K) 
from 1690 to 1640 cm-l The intensity is weak even at 299K, 
indicating a low concentration of surface H2o. The stretching 
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TABLE 7.9 Frequencies of bands reported in the IR spectrum 
of co2 adsorbed on ZnO at room temperature 
The data are due to Saussey et az 10 who assigned all the 
observed bands to modes of variously bonded surface carbonate 
species. 
Bands observed after 
~quilibriation with 
6 x lo-3 torr co2 at 
room temperature 
636 m 
641 m 
677 w 
841 m 
852 sh 
999 m 
1039 w 
1229 w 
1265 sh 
1300 sh, w 
1325 sh 
1346 vs 
. 
1369 sh 
1425 w 
1520 sh 
1547 m 
1580 sh 
1615 vs 
1650 sh,b 
2290 w 
2353 m 
2369 m 
Bands observed after room 
temperature evacua~ion to 
2.6 x lo-8 torr 
679 w 
848 w 
1002 m 
1338 vs 
1520 m 
1580 sh 
1593 vs 
1665 sh 
-1 
modes of adsorbed H2o are expected above 3000 em 
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Such 
bands were not resolved in our spectra (Figs. 7.9 to 7.11), the 
region above 3000 cm-l being dominated by the intense v modes 
sym 
of surface hydroxyls (Section 7.3.3 (c) (i)). 
10 1 Saussey et aZ observed three bands above 2000 em- in 
their IR data of co2 adsorbed at 6 x 10-
3 torr on ZnO (Table 7.9). 
These bands were not observed by Saussey for lower coverages of 
co2 , nor are they observed in our IR spectrum of ZnO under vacuum 
at room temperature (Fig. 7.9). Thus the surface carbonate 
species giving rise to these IR bands above 2000 cm-l are not 
formed at the coverages produced by exposure of ZnO to the 
atmosphere. 
(iv) -1 The 1100 to 750 em region 
The bands in our data (Figs. 7.9 to 7.1~, Table 7.7) 
-1 between 1085 and 785 em are assigned to multiphonon processes. 
These bands broaden on heating and merge; at 725K the only peaks 
-1 
observed are those at 1065, 970 and 865 em (Fig. 7.10). It 
is known that multiphonon bands suffer greater broadening on 
35 heating than do bonds due to fundamental phonon modes. After 
cooling from 725 to 305K, this region of the spectrum is very 
similar to that observed before starting the heat treatment (c.£. 
Figs. 7.9 and 7.11); in particular the relative intensities of 
the bands are unchanged. 
10 1 Saussey et aZ assigned bands at l002(m) and 848 em-
in their IR spectra of co2 adsorbed on ZnO to modes of surface 
These bands remained after evacuation at room temperature 
(see Table 7.9). But since the relative intensitie~ of the bands 
in this region of our IR spectra are unchanged by the calcination 
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procedure, we prefer their assignment to multiphonon processes 
rather than to modes of surface carbonate. 
In summary, after cooling the calcined sample to 305K 
under vacuum, the IR spectrum (Figure 7.11) showed the presence 
of only hydroxyl·and carbonate groups on the calcined ZnO 
surface. Such species are therefore the only likely contamin-
ants on the ZnO samples used in our INS experiments, these 
samples having been prepared using a similar calcination procedure. 
7.3.4 The INS spectrum of ZnO 
The INS spectrum obtained at 77K on INIB of Kadox 
25 after calcination is shown in Figure 7.12 and summarised in 
column 6 of Table 7.5. Two very intense bands are observed 
at 437 and 553 cm-l By comparison with ·our Raman data (Table 7.5, 
col.5) these bands are readily assigned to TO and LO bulk phonons 
respectively. Although in the INS technique both bulk and 
surface phonons will be active, for our ZnO samples the surface 
phonons will give rise to much weaker INS bands than the bulk 
modes because of the large bulk/surface ratio. The discrepancy 
in frequency of the LO mode as observed in the INS results 
(553 cm-1) and i.n our Raman data (543 cm-1 ) is within the error 
of ±15 cm-l associated with band frequencies obtained from 
INIB spectra (Chapter Four) . 
Five bands of weak to moderate intensity, at 635, 749, 
877, 1007 and 1072 cm-l are observed in the INS spectrum (Figure 
7·.12) , and are assigned to mul tiphonon processes. Because of 
the dispersive nature of phonon transitions in general, the 
assignments in Table 7.5, column 7, have been expressed in 
terms of the frequencies at which the fundamental phonon modes 
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Fig. 7.12 INS spectra (77K) of (a) ZnO after calcination 
and (b) ZnO after adsorp~ion of H2 . The symbols 
... 
+ and x indicate data collected using the (200} 
and o and • ~hat collected using the (220) planes 
of the copper monochromator • 
500 1000 1500 2000 
INCIDENT NEUTRON ENERGY, cm-1 
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were observed in our Raman data (Table 7.5, col.5). Again 
the discrepancies between the observed multiphonon frequencies 
and those suggested by the assignment scheme (Table 7.5,col.7) 
are probably due in the main to the error in the measured INS 
band frequencies rather than such effects as dispersion or 
anharmonicity. 
In addition to these features the INS spectrum of ZnO 
(Figure 7.12) shows a strong, broad band at 1346 cm-1 . No 
IR or Raman bands have been reported for ZnO itself in this 
region. On adsorption of H2 , the scattered neutron intensity 
due to this transition remains constant whereas the intensity 
increases at all other frequencies (see Figure 7.12). This 
suggests that the 1346 cm-l band is not due to phonon processes. 
Indeed, phonon dispersion curves 49 , 50 show that the TO modes 
have highest frequencies at the critical point jKj=O (where K 
is the scattering-wave vector) and so the highest frequency 
at which a fundamental phonon mode is expected to occur is 
588 cm-l (Table 7.5, column 5). Multiphonon processes are 
also an unlikely.cause of the 1346 cm-l INS band; the highest 
frequency at which multiphonons have been observed is ca 1155 
cm-l in the Raman spectrum (Table 7.5, columns 3,5). 
Neither can the 1346 cm-l band be due to incoherent in-
elastic scattering_ from surface -co3 impurities. Although the 
IR spectrum (Figure 7.11) of calcined ZnO shows bands at 1330(ms), 
-1 1345(ms), 1410(m) and 1525(ms) em due to residual surface 
carbonates, the incoherent scattering cross-sections for both 
12c and 16o are zero. 51 However, according to Bredov et aZ I 
coherent inelastic neutron scattering may, under certain con-
ditions, give rise to bands in the measurement of incoherent 
inelastic spectra. . 12 16 The coherent cross-sect1ons of C, 0 
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and Zn are respectively 6.65, 5.80 and.5.7 barns. 52 Thus, 
. 51 
according to Bredov's theory, coherent scattering from a 
sufficient concentraiion of surface -co3 would give rise to 
observable bands in the incoherent inelastic spectrum of ZnO. 
The maximum coverage of carbonate on the surface of our INS 
sample is estimated to be of the order of 0.05 monolayer 
(Section 7.1.5) which is more than a factor of 10 less than 
the coverage of hydrogen (0.7 to 0.8 monolayers H2 , Section 7.2). 
This concentration of surface carbonate is too low to have 
caused the intense INS band at 1346 cm-l (Figure 7.12) by 
coherent scattering. 
Surface hydroxyls are not reported to give rise to bands 
near 1346 cm-l (Table 7.1). The high intensity of the observed 
band, which is unchanged on H2 adsorption, also argues against 
its assignment to surface hydroxyls. 
The 1346 cm-l band is unlikely to be an instrumental arti-
fact since the spectra of other corrp::>unds obtained using INIB 
immediately before or after the ZnO runs did not show similar 
features. This feature was also observed in the spectrum of 
a different sample of ZnO run some months earlier in the same 
spectrometer. 
In summary, we are unable to make a definite assignment 
of the band at 1346 -1 em However, because its intensity is 
unchanged on H2 adsorption, it may be related to transitions 
within the bulk, rather than at the surface of the ZnO particles. 
The sample of ZnO was manufactured by burning Zn in air. In cor-
poration of impurities with the ZnO lattice during manufacture 
or subsequent packaging are conceivable. There is thus a small 
-1 
chance that the 1346 em INS band is due to contaminants, 
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say carbonate or sbme hydrogeneous species, trapped within 
the bulk of the sample. 
7.3.5 The INS spectrum of. .ZnO + H2 
The spectrum of ZnO + H2 , 68 
-1 
mol/g coverage, 
obtained on INIB at 77K is shown without any background 
subtraction in Figure 7.12. The result of subtracting 
the ZnO background is shown in Figure 7.13. Table 7.10 
lists the frequencies of bands observed after the sub-
traction and includes the IR data of Boccuzzi23 for com-
parison. -1 Since the 1346 em band does not change in 
intensity on adsorption of H2 , a minimum is produced in 
the substracted spectrum (Figure 7.13) at this frequency. 
r-f 
1.{') 
("<) 
l''ig. 7.13 Difference spectrum ( 77K) s INS spectrum of ZnO + H2 minus INS spectrum of ZnO. 
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TABLE 7.10 The frequencies and assignments of bands in the vibrational spectrum 
of ZnO plus adsorbed hydrogen 
method INS INS IR 
reference this work,fig.lQ this work,fig.l3 Bo · 23 f' lLJ CCUZZl I lg. 
sample ZnO ZnO+H2-background ZnO + H2 
0 
assignment (this work) 
-1 -1 -1 assignment (Boccuzzi
23 ) 
em em em 
mode type of H adsorption mode type of H 
..::1 ·i_nn 
'ID phonon 
- 437 vs 458 vs 
ID phonon - 553 vs 538 vs 
ID phonon - 584 sh,m 
mp - 635 sh 
mp - 749 -
v 0 (Zn-H) I 829s 817m v 0 (zn.,-H) I 845 to 850 b, w v &· (Q.,...H) I 
mp - 877m 870s mp -
mp - l007m 990s mp -
1072 sh,w 
mp - ca 1100 sh,m - -
v0 (0-H) I 1125 sh ? - 1346 vs,b -t(l346 vs,b) 
v (Zn'H'zn) 1475 vb II 
vs (Zn-H) 1665 b,s 1708 s as I v (Zn-H) I 
ca 3400 b s v (OH---0) II 
3498 v: (0-H) I 
~--~-
For explanation of the symbols and assignment of the multiphonon modes ("mp") see Table 7.5. 
t -1 A ZnO background has been subtracted fran the data for ZnO + H2. The band at 1346 an occurs with equal 
intensity in the background spectrum of ZnO and in the spectrum of ZhO + H2 before any subtraction. A decrease 
in intensity is therefore observed at 1346 cm-l in the spectrum of ZnO + H2-background. 
w 
U1 
N 
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-1 The band at 1665 em occurs in both the subtracted 
and unsubtracted spectra and thus is not an artifact produced 
-1 by subtraction of the adjacent feature at 1346 em . 
The two optical phonon modes which arose at 437 and 553 em 
in the zno (Fig.7.12) now appear at 458 and 538 cm-1 on ad-
sorption of H2 (Fig. 7.13}, the low frequency, TO, band appar-
ently gaining in intensity relative to the higher frequency, 
LO band. Now on adsorption of H2 , the sample background is 
raised and it is raised most at lower incident neutron energies 
(see Fig.7.12). This change in background is the most likely 
cause of the change in relative intensities of these two phonon 
modes on hydrogen adsorption. Changes in the bonding at the 
-1 
ZnO surface on hydrogen adsorption may be the cause of the shift 
in frequency of these two phonon modes. The frequency shift 
is not due to plasmon effects since the. adsorption of hydrogen 
22 
does not form an accumulation layer at temperatures as low as 77K. 
-1 A shoulder at 584 em in the ZnO+H2 INS spectr~~ (Fig.7.13) 
might arise from either the .l:mlk phorioi1 observed at 588 em -l in 
the Raman (Table 7.5, col.5) or from the bending mode of surface 
/H......._ 
Zn Zn species. The assignment to the phonon mode is pre-
ferred for reasons explained below. Although this mode is not 
observed in the background spectrum of ZnO, its intensity may 
have been enhanced on adsorption of H2 by a riding motion of 
the surface hydrogen. This would imply a large amplitude of 
vibration of the adsorbed hydrogen. 
The strong band at 829 cm-l in the subtracted spectrum 
(Fig.7.13) is not present in the ZnO data. This frequency is 
31 typical of metal - H bending modes, e.g. v 0 for terminally bound 
H in transition metal hydridocarbonyls lies in the region 
354 
600-800 cm-l (see Chapter Five), and the bending modes in 
GeH4 , SnH 4 and GeH2 (matrix isolated) occur at 931, 758 and 
-1 53 928 em respectively. (The rationale for comparison with 
covalent hydrides is discussed in Section 7.3.5(a) below). 
-1 We assign the 829 em band to v 0 of surface Zn-H at a type I 
site. This is in agreement with Boccuzzi et az 23 who observed 
this mode at 817 cm-l in the I.R. (see Table 7.10). 
The subtracted spectrum (Fig.7.13) shows a broad, strong 
band at ca 1665 cm-l which is also absent from the ZnO spectrum 
(Fig. 7 .12). This band is assigned to the symmetric stretch 
of Zn-H at type I sites and has been reported at 1708 cm-l in 
the IR (see Table 7.10). The discrepancy between the fre-
quencies observed by INS and IR may be explained, at least 
qualitatively, by the temperature and coverage dependence of 
the frequency of this mode and the difficulty of locating the 
exact centre of the broad INS transition. As explained in Sections 
-1 7.1.5 and c7.3.3c, we rule out the possibility that the 1665 em 
INS band is due to surface H2o. 
The INS spectrum of ZnO+H- with background subtracted 
(Fig.7.11) shows unresolved intensity in the region between 
the 584 cm-l shoulder and the 829 cm-l band. This intensity 
is assigned to unresolved scattering from multiphonon bands 
which were observed at 635 and 749 cm-l in the INS spectrum of 
ZnO before H2 adsorption (Fig.7.12, Table 7.10, col.3). 
-1 We now discuss the 829 to 1125 em region of Fig.7.13. 
The spectrum shows the high frequency edge of a band with an 
apparent maximum at 1125 cm-l and also unresolved intensity in 
the region between this band and ca 850 cm-1 . There are three 
possible origins of the intensity over this region (not mutually 
exclusive): 
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(i) There is a small possibility of a symmetric stretching 
H 
mode of a Zn/ "'-zn surface species, formed by type II ad-
sorption, occuring in this region. This is discussed in 
Section 7.3.5(a) below. 
(ii) Multiphonon bands were observed in this region in 
the INS spectrum of the ZnO background (Figure 7.12, Table 7.10, 
col.3) and will also occur in the $pectrurn of ZnO +H. The 
first overtones of the intense TO (458 crn-1 ) and LO (538 crn- 1 ) 
phonons in the INS spectrum of ZnO + .H (Figure 7.13) are there-
fore expected to give intensity at ca 916 and 1076 -1 ern in 
Figure 7.13 although they have not been resolved. 
(iii) The v 0 mode of type I (0-H) was assigned by Boccuzzi 
et az 23 to a broad IR band at 845 to 850 crn-l (Table 7.10,col.5). 
-1 Although no band was resolved at ca 850 ern in our INS spectrum 
of ZnO + H (Figure 7.13), this mode should be INS active. 
Therefore we predict the intensity, relative to the v 0 (Zn-H) band, 
that an INS band due to v 0 (0-H) would have. if it occurred in 
-1 the region 850 to 1125 ern We will consider two possible 
assignments of v 0 (0-H) in Figure 7.13, firstly to the shoulder 
-1 
at 1125 ern and secondly that this mode gives rise to a band 
-1 
at 850 ern which is unresolved from that due to v 0 (Zn-H) at 25,26 
829 -1 ern Because type I adsorption occurs at Zn-0 pair sites 
the surface concentrations of type I Zn-H and 0-H species will 
be equal. Thus, from Chapter Two, the intensities in the INS 
spectra of the fundamental modes of these species can be estimated 
in the harmonic approximation by 54 
I exp ( 7 .1) 
where to is the momentum transfer during the scattering process, 
Z(~) is the vibrational density of states, ~ is the normal mode 
h 
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frequency in cm-1 , and exp {-2WH(~)} is the mode-dependent 
Debye-Waller factor. 
The Debye-Waller factors for the 0-H and Zn-H vibrations 
were calculated using equation 2.74 (Chapter Two, page 46) and 
by assuming that these vibrations were uncoupled from the ZnO 
;'S" 
lattice modes. The frequency of the v$JO-H) mode was taken 
to be 3498 cm-l 26 and the calculations (equations 7.1 and 274) 
were carried out for both the postulated v 0 (0-H) mode frequencies 
-1 
of 850 and 1125 em . 
-~ 
For the Zn-H vibrations, the normal 
-1 Ys -1 
mode frequencies of v 0 (Zn-H) = 829 em and ~~(Zn-H) = 1665 em 
== 
were used, as observed in our INS spectrum of ZnO + H (Figure 7.13). 
The relative INS intensities predicted for the vs and v 0 
fundamentals of type I Zn-H species are compared in Table 7.11 
with those of the proposed v 0 (0-H) fundamentals at 850 and 
1125 -1 em We need also to consider the contribution from 
the first overtones of v 0 (Zn-H) and v 0 (0-H) to the band centred 
-1 
at 1665. em ) ·. assigned principally to v · ( Zn-H) in the ZnO + H s 
INS spectrum (Figure 7.13). The relative intensities of these 
overtones are listed in Table 7.11 and were calculated using 
equations 2.83 and 2.84 (Chapter Two, page 53) for mode-dependent 
Debye-Waller factors and assuming that the fundamentals were 
harmonic and uncoupled from the ZnO lattice modes. 
When the overtone contributions are included, we find 
-1 from Table 7.11 that the existence of a v 0 (0-H) mode at 850 em 
unresolved from v 0 (Zn-H) at 829 cm-l would give rise to INS 
. -1 intensity of 6.0 units in the 829-85Q em region and an intensity 
.:..1 
of 3.0 units in the 1665 to 1700 em region of the ZnO + H 
spectrum (Figure 7.13). On the other hand, if v 0 (0-H) occurred 
at 1125 cm-1 , we would predict from Table 7.11 that INS bands 
I" 
l() 
M TABLE 7.11 The relative INS intensitie·s predicted by- egu·a·t·i·oh 1 for the 
modes of type I hydro·qen· ·on· ZnO 
vibrational mode \1 ... \) 
s 0 \IQ \1 9; 
type I surface species Zn - H 0 - H 0 - H Zn - H 
frequency of funda- 1665 1225* 850* 829* 
mental, em-± 
calculated relative INS LO 1.5 3.0 3.0 
intensity of 
fundamental 
postulated frequency of - - 1700 1658 
first overtone in 
harmonic approximation 
calculated relative INS - - 1.0 1.0 
intensity of 
first overtone 
* · The frequencies 1125 and 850 cm-l are taken as the two most likely possibilities 
for v 0 (0- H), see Section J.3.5. 
358 
would be observed at 829, 1125 and ea 1665 cm-l with relative 
intensities of 3.0, 1.5 and 2.0 units respectively. Unfortun-
ately, the intensities of the observed bands (Figure 7.13) 
cannot be measured with sufficient accuracy to distinguish 
between the alternative assignments of v 0 (0-H). This is largely 
due to the uncertainty in the baseline position of Figure 7.13). 
However, because we expect to observe a strong INS band due 
to v 0 (0-H), we tentatively assign this mode to the shoulder at 
1125 cm-l rather than to the region at ea 850 cm-l where our 
INS data show no resolved features (Figure 7.13). 
Our assignment of v 0 (0-H) disagrees with that of Boccuzzi 
et az 23 who ascribed a broad IR band at 845-850 cm-l to this 
mode. The IR spectra of ZnO + H2 published by Boccuzzi
23 
show a general increase in IR absorbance with increasing hydrogen 
coverage in the region ea 845 to 775 cm-l (Figure 7.14). We 
submit that the feature at 845 - 850 cm-l in the published23 
spectrum (Figure 7.14) is not sufficiently well differentiated 
from the general decrease in IR transmission to be definitely 
ascribed to a band arising from a vibrational mode of a partic-
ular surface species. The previous assignm~nt23 of the v 0 
mode of type I 0-H to the IR feature at ea 845-850 cm-l should 
therefore be regarded as tentative. 
No bands appear in the IR spectra in the region of 1125 cm-l 
23 
on adsorption of H2 • (A band at ea 1100 cm-l in Boccuzzi's 
spectrum of ZnO before H2 adsorption was not assigned by the 
authors. From our IR results for calcined ZnO we suggest that 
this is a multiphonon band), The discrepancy between the values 
for v 0 (0-H) (type I) as assigned by Boccuzzi et az
23 in their 
IR data and by us using INS cannot be resolved in the present 
work. We submit, however, that both assignments must be regarded 
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Fig. 7.14 The IR spectrum of hydrogen adsorbed on ZnO, taken 
from ref. 23. 
1200 
Infrared spectrum of hydrogen a·nd deu-
terium adsorbed on ZnO in the 1800- to 900-cm-1 
range (percentage tran:;mi~ion vs wavenumber). 
--, background; · · · ·, in equilibrium -with 100 
Torr of Hz; _.:...._, in equilibrium v.ith 100 Torr 
of D:. 
\, 
800 an·1 
Infrared spectrum of hydrogen adsorbed on ZnO in the 900- to 750-cm-• range (per-
centage transmi<;:sion vs wavenumber). -- {l), background; -- (2), in equilibrium with 100 
Torr of H1 ; - ·-, 40 Torr of Hz; - - -, 10 Torr of Hz; · · · ·, 2 Torr of Hz; and -- (3), after out-
gassing at room temperature. 
360 
as tentative. An INS study of HD adsorbed on ZnO may help 
to clarify the situation, though it would be difficult with 
current neutron sources because of the low monochromated-
neutron fluxes, the small incoherent neutron scattering cross-
section of D and the apparent low INS, and IR, intensity of 
the v 0 (0-H) mode. 
7.3.5(a) The INS·spectrum of type IIa species 
The INS data show no strong bands assignable 
to the symmetric or antisymmetric stretches of the Zn~H"Zn 
species 
sites. 
proposed by Boccuzzi et az 23 for adsorption at type II 
-1 A very broad band in the IR of ZnO + H at 1475 em 
was attributed23 to the asymmetric stretch (Figure 7.14). As-. 
discussed above (Section 7.1.3(b)), the symmetric stretch, 
although not observed in theIR data of Boccuzzi et az, 23 
is expected to occur in the region 895 to 1300 cm-l on the 
basis of (~ 2 -H)M2 hydridocarbonyl data. 
We cannot conclusively discard the possibility 
o ~H' 
of a low concentration of a Zn Zn species on our ZnO surface. 
It is possible that a weak asymmetric stretching band might be 
present at ca 1475 cm-l in the INS spectrum of ZnO + H (Figure 
7.13), unresolved from the broad 1665 cm-l band. The INS 
spectrum (Figure 7.13) also shows unresolved intensity in the 
range 829 to 1125 cm- 1 • This region may contain intensity 
H . 
from a Zn~ "zn symmetric stretch. 
The shoulqer in the ZnO + H INS spectrum at 
-1 584 em (Figure 7.13) has two possibilities for its assignment 
(see abov~: 
(i) A phonon mode; 
H 
(ii) v 0 (Zn/ '-zn). 
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If we speculate that the 584 cm-l feature is due to the bending 
mode of Zn~H"zn and assume that the symmetric stretch occurs 
-1 -1 
within the range 829 to 1125 em , then, taking 1475 em to 
be the frequency of the antisymmetric stretch, we can use the 
modified Katovic equation (see Chapter Five) to estimate the 
limits within which the Zn/H"zn bond angle, a, must lie: 
2 
\) 
-- a-
2 2 
\Is + v o 
_;;1.!. 
= 
where v 0 = 584 
in amu, MZn = 
For \) = s 
\) = s 
M;~ + ~l (1 - cos a) 
M;~ + ~l (1 + cos a) 
-1 
em 
mass of 
\)· = 1475 
a 
Zn atom 
-1 
em 
in amu. 
895 -1 108° and em I a = 
1125 -1 99°. em I a = 
~ = mass of H atom 
for 
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Now type II adsorption is said to occur on the (lOlO) surface 
9 planes. Such plaries are drawn in Fig. 7.4. The closest 
Zn----Zn distance is 3.2495~ 8 this distance is unaltered by 
the proposed reconstructions of the surface. 16 Thus we have 
the following geometry for the surface hydrogen at type II sites: 
I\ 
Zn Zn 
( 
0 
3.2495A 
) 
0 0 0 For a = 99 , the Zn-H bond length r = 2.1A and for a = 108 , 
r = 2.0R. Thus if the symmetric stretch occurs in the range 
895 to 1125 cm- 1 , the model predicts that the Zn-H bond length 
lies between 2.0 to 2.1R. 
The Katovic equation is based on the valence force field 
model which is known to be inaccurate, even for simple triatomic 
molecules. Thus these values for the Zn-H distance must be 
0 
regarded as a first approximation only; ca 2.0A is longer than 
expected for the following reasons. The bonding in Group IIb 
hydrides is intermediate between that found in transition metal 
hydrides and covalent hydrides 55 . Since the charges of the 
ions at the ZnO surface are less than those in the bulk, 19 we 
expect the surface Zn-H bonds to be predominantly covalent. 
However, the predicted Zn-H bond length of ca 2.0A is longer 
than that usually found in covalen~ hydrides (it is more typical 
of a hydridic M0+ - H0- species). For example, in the covalent 
AlH3 in which each Al atom is surrounded by an octahedron of H 
Hatoms and linked by non-linear A~ "Al bridges, the Al-H 
. 0 56 distance is l.715R and the Al-H-Al angle 141.2 . The cal-
culated Zn-H distance is also very much longer than the sum of 
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the covalent radii, 1.57A. 29 To summarise, the calculations 
/H' predict a Zn-H bond length which is too long and a Zn Zn 
bond angle which is too acute. Although several other 
assumptions were made in predicting the bond length, this 
-1 indicates that the assignment of the 584 em band to the v 0 
The alternative mode of (~ 2 -H)Zn2 is not likely to be correct. 
assignment to a phonon mode is therefore preferred. 
Furthermore, the assignment of a stretching mode of the 
H . 
proposed z~ 'zn surface species was made by Boccuzzi et az 23 
to an extremely broad feature centred at 1475 cm-l in their IR 
We were unable to observe spectra of ZnO+H2 (see Fig. 7.14). 
resolved bands at this frequency by INS. We also note that 
the 1475 cm-l IR band has not been reported by other workers. 
In view of these facts, we submit that this assignment, and the 
b 'd f II h d db B · 23 r1 ge structure o type y rogen, propose y occuzz1 
should be regarded as tentative. 
7.4 Conclusions 
The adsorption technique used in the INS experiment is 
expected to give rise to type I, II and III hydrogen. The 
modes of type III hydrogen and the stretching modes of surface 
hydroxyls lie outside the frequency range (320 to 2230 cm-1 ) 
used on !NIB (see Table 7.1). The bending and stretching modes 
of Zn-H at type I sites were observed at 829 and 1665 cm-l in 
the INS data. These frequencies are in close agreement with 
the published IR results (Table 7.1). 
Fro~ our INS spectra, we were unable to confirm the 
recent assignments by Boccuzzi et at 23 of the v 0 mode of 
type I 0-H to a broad IR band at 845-850 cm-l and of the 
v mode of type II hydrogen at zinc sites to an IR band 
as 
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at 1475 cm-1 . W t th t th . t 23 f th e sugges a ese ass1gnmen s o e 
IR bands are to be regarded as tentative. 
-1 . An intense broad band was observed at 1346 em 1n the 
INS spectrum of ZnO itself. The intensity of this band was 
unchanged on H2 adsorption and since it is not observed in 
the optical spectra it is suggested that this band arises 
from modes of impurities, possibly carbonates, in the bulk. 
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CHAPTER EIGHT 
AN INS STUDY OF ACETYLENE ADSORBED BY. 
PARTIALLY Ni(II)-ION ·EXCHANGED ·ZEOLITE,..Y 
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8.1 Introduction 
It is known1 that acetylene adsorbed at room temperature 
by partially Ni++_ion excha~ged zeolite-Y (NiNaY) undergoes 
a cyclotrimerisation reaction to form benzene, the catalytic 
activity of the zeolite depending upon its Ni++ content. The 
NiNaY/acetylene system has been studied by X-ray diffraction 
and near-IR spectroscopy1 (Section 8.2.3), but there are no 
data available in the literature for the far-IR region. Thus 
in this chapter we present the vibrational spectra (ca 20 to 
850 cm-1 ), obtained by INS, of acetylene adsorbed in NiNaY 
zeolite. As an initial step towards understanding this zeolite/ 
acetylene system, our INS spectra were obtained at cryogenic 
temperatures at which the formation·of benzene is limited, 
thereby facilitating observation of the adsorbent---acetylene 
complex. 
As well as the temperature and the degree of Ni++_ion 
exchange of the zeolite, the overpressure of acetylene is 
known1 to strongly influence the rate of benzene production. 
In this chapter we present INS data for only low coverages of 
adsorbed acetylene and for a limited range of NiNaY zeolite 
composition. Although planned, the INS spectra of higher 
acetylene coverages and data for zeolites of differing Ni++ 
content could not be obtained because of a fault with one of 
the INS spectrometers. However, the INS data obtained are 
sufficient to indicate the geometry of the adsorbed acetylene 
molecules. 
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8.2 A summary of published work on acetylene adsorbed 
by zeolites 
8.2.1 Published spectroscopic studies of adsorbed acetylene 
Two extreme modes of interaction between acetylene 
and an adsorbent can be envisaged2 end-on, via the acidic 
H-atoms of the acetylene and anionic regions of the surface; 
or lateral; resulting from overlap of the acetylene n-electron 
system with a cation. 3 Yates et al have shown that both types 
of interaction occur between Al 2o3 and adsorbed c2H2 , the end-on 
interaction causing an increase in the frequency of the acety-
lene v 2 mode (c:c stretch) relative to the gas-phase (1974 cm-l 
Raman) and the lateral interaction causing a lowering in fre-
quency. 
K+ ,- Mg ++ 
IR and Raman studies of c2H2 adsorbed in Li+, 
++ 
and Ca - partially exchanged zeolites type-A and 
.+ + + + ++ ++ ++ L1 , Na , K , Cs , Mg , Ca and Ba partially exchanged 
+ Na , 
in 
zeolites type-X have been published by Tam ~t al 4 ' 5 . A lowering 
of symmetry of adsorbed acetylene from Dooh was indicated by 
the violation of the IR/Raman mutual exclusion rule. The 
decrease in frequency of the v 2 mode on adsorption of c2H2 in 
all the zeolites studied4 ' 5 indicated a lateral rather than 
end-on acetylene-cation interaction. Within each of the two 
series of partially ion-exchanged zeolites A and X, and for a 
given cation charge, an increasing shift of v 2 to lower fre-
quencies was correlated with increasing cationic radius and 
was taken to indicate increasing strength of the cation-acetylene 
. t t" 4,5 1n erac 1on. 
No bands ascribable to the modes of acetylene 
d 7 4,5 relative to the adsorbent surface were reporte by Tam et a~. 
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However, such bands have been observed in INS studies of 
c 2H2 adsorbed i~ the fully ion-exchanged zeolites Ag12A and 
AgX. 2 ' 6 In both zeolites, each acetylene molecule was bonded 
laterally to a coordinating Ag+ cation and the observation of 
the 'x mode of c 2H2 relative to the surface (Fig. 8.1) indicated 
that the admolecules were not linear. The INS data were con-
sistent with c 2v symmetry of the Ag+-c 2H2 sorption complexes 
in these two zeolites. 2 ' 6 
INS has been used to study the adsorption of c 2H2 
in Nal3X zeolite but the resolution of the spectra was poor 
6 
and no·firmassignments could be·made. However, the authors 
held that the adsorbed acetylene was probably linear. 
8.2.2 Published crystallographic studies of intra-
zeolitic cation-acetylene so·rpti·on: ·complexes 
X-ray studies of c 2H2 adsorbed in single crystals 
of dehydrated Na12A zeolite have shown that, at coverages up 
to three molecules per supercage, the acetylene molecules were 
symmetrically and laterally to Na+ ions at s2* sites. 7 ' 8 
Acetylene molecules adsorbed at high coverages could not be 
1 d 'th . t 7 ' 8 ocate w1 certa1n y. 
X-ray structure studies of c 2H2 adsorbed in co4_0Na4_0A 
and Mn 4 _5Na3 _0A zeolites have also shown that the c 2H2 molecules 
coordinated symmetrically and laterally with ++ were the Co or 
Mn++ * 9,10 ions at S2 positions. In each of the three zeolites 
cited here, the acetylene-cation interaction was said to take 
place by lateral n-bonding and the c=c bond length of the adsorbate 
7-10 
was similar to that found in the gas-phase. 
M 
r--
M 
, 
, 
Fig. 8·1-
H 
/ 
/ I ' 
q'tz -~l:Y 
I / 
I / H 
I / D 
I / 
I / 
I /' --e.--'~---4.---- 'tx -- -.,. Ot 
, 
, 
/ 
I 
Ni 6 
Zeolite Surface 
, 
/ 
:1 tz 
/ 
/ 
/ 
/ 
, 
'YtY / 
/ 
/ 
/,. pH 
/ -------~~---ac ___ 17 
/ 
/ 
/ 
I 
I 
I 
Ni Q 
Zeolite Surface 
· The three hindered rotations, Lx, 1'y (antisymmetric stretch) and t;z , 
and the three hindered translations, fx, ty and tz I symmetric stretch) 
of acetylen.e relative to the zeolite surface. Taken from ref.2. 
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8.2.3 Published studies on the partially Ni++_ion 
exchanged zeolite-Y/adsorbed acetylene system 
The nomenclature used to describe the cation sites 
in Y-type zeolites was discussed in Chapter Three. 
X-ray diffraction studies py Gallezot et azll-l 3 
++ . 
of partially Ni -exchanged crystals of zeolite Y have shown 
that the population and location of the Ni++ cation sites vary 
with the degree of ion-exchange and hydration of the zeolite 
11-13 (Table 8.1). We will refer to the samples of Gallezot et al 
In the fully hydrated 
zeolites, the possible Ni++ ion locations are at SI sites in 
the hexagonal prisms, sr~ and SII~ sites in the sodalite cavities 
* and various sites in the supercages, principally SII sites and 
unspecified positions on the supercage wall, located away from 
11 the zeolite symmetry axes. Progressive dehydration of the 
zeolites caused a migration of Ni++ ions to the SI sites and, 
regardless of the level of ion exchange, the population of Ni++ 
ions at SI sites was limited to a maximum of 12 ions per unit ce11. 11 
On heating a sample of Ni 14Na 23H5Y~, this ion migration started 
at ca 520K and was completed by 573K. 11 The driving force of the 
migration was said11 to be the large crystal field stabilisation 
energy of the Ni ++ (d8) {on§ which_~~dopt;a. at si: sites a nearly perfect 
octahedral coordination to the 0(3) atoms of the two 6-oxygen 
windows. The Ni++ ions migrated to the hexagonal prism from both 
the sodalite cavity and the supercage. However, provided that 
the sites in the sodalite cavity and supercage were occupied by 
Ni++ ions in the hydrated zeolite, these sites remained occupied 
by Ni++ to a slight extent even under the most severe dehydration 
conditions employed by Gallezot et az 11- 13 (ie evacuation at 873K). 
l.() 
r-
M 
TABLE 8. 1 Ni ++ ion locat·ions and benzene formation in NiNaHY 1 zeolites dehydrated at 8 7 3K 
Taken· from ref. 1. 
b f . ++ . . 11 Ease of c6H6 formation from Num er o N1 1ons per un1t ce Approximate in the various cages 
adsorbed c2H2 , in terms of the 
zeolite overpressure of c2H2 . 
composition hexagonal sodalite super-prisms cages cages (P = pressure of c 2H2 in torr) 
Ni10Na 31H5Y
1 8.8 1.7 ca.O Traces of c6H6 for P=50 after 
24 hours. 
. Nil4Na23H5 Y I 11.7 1.1 1.2 Small amount c6H6 for P=5 torr, 
fast reaction for P=lOO torr. 
Ni 19Na15H3Y
1 11.3 1.9 5.8 Fast reaction for P = 5 torr 
----- ---·--·· 
Notes - yl = Al56Sil360384" 
The zeolites were exposed to acetylene at room temperature. 
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The formation of benzene from the cyclotrimerisation of 
acetylene adsorbed at room temperature on NiNaHY' has been · 
studied by Pichat et aZ 1 using X-ra; diffraction, IR and EPR. 
The IR results indicated that the c 6H6 did not remain 
bonded to the Ni++ ions but was weakly associated with the 
zeolite framework. The c 6H6 could be entirely removed by 
heating in vacuo at 373K. Therefore the Ni++ ions in the 
sodalite cavities were inactive in benzene formation, since 
. 0 1 
c 6H6 cannot escape through the ca 2.3A sodalite cage windows. 
The X-ray data showed that the Ni++ ions in the hexagonal 
prisms and sodalite cavities are not accessible to acetylene 
and that the adsorption and subsequent reactions of acetylene 
caused no migration of Ni++ ions from these locations. Thus 
the population of Ni++ ions in the supercages was the con-
trolling factor in the catalytic activity.of the zeolite in the 
cyclotrimerisation of acetylene (Table 8.1). The dehydrated 
zeolite exhibited only a small degree of catalytic activity at 
levels of ion-exchange below 12Ni++ ions per unit cell, the 
residual catalytic activity (Table 8.1) being ascribed to the 
probable presence of a small number of Ni++ ions in the super-
1 
cage. On increasing the ion-exchange level in dehydrated 
NiNaHY~ above 12Ni ions per unit cell, the zeolite became 
catalytically active in the acetylene trimerisation since the 
majority of the additional Ni++ ions were located in the super-
cage (Table 8.1) . 1 
According to Pichat et az,l no distinct IR or EPR bands 
could be assigned to Ni++~c2H2 sorption complexes other than 
those due to modified internal modes of the c 2H2 moiety. On 
adsorption by NiNaY, the v 2 mode of c 2H2 , which is IR inactive 
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-1 in the gas phase (1974 em Raman), gave rise to weak IR 
-1 1 bands at ca 1950-1955 and 1975 em We note that a re-
duction in frequency of v 2 on adsorption is consistent with 
a lateral, rather than end-on interaction of c2H2 with the 
adsorbent (Section 8.2.1). 
The IR and EPR results 1 showed that cyclotrimerisation 
was not the only reaction undergone by adsorbed acetylene. 
Reduction of Ni++ to Ni+ and Ni 0 occurred, as did the formation 
of methylene (CH 2 ) species. The methylene fragments were 
retained by the zeolite after the removal of the benzene. 
The extent of these side reactions was not reported. 1 
8.3 Experimental 
zeolites of approximate composition Ni14 _5Na 54 _0Y·xH2o 
(sample A), Ni20 _6Na 41 _6Y-yH 2o (sample B) and Ni 22 _0Na 39 _0Y·zH 2o 
(sample C), where Y denotes Al 83si109o384 , were produced by 
ion-exchange of NaY zeolite (Strem Chemicals) in O.lM solutions 
of Ni(N03 ) 2 (BDH Analar) at room temperature. These zeolite 
compositions were calculated from elemental analysis for Ni, 
Na, Al and Si. 
In our work, the degree of ion-exchange was controlled by 
the time allowed for the exchange. Sample A was produced after 
two- days of exchange; the remaining samples after four days. 
For these latter samples (B and C) , the exchange solution was 
removed by filtration after two days and the exchange continued 
for a further two days with fresh O.lM Ni(N03) 2 solution. The 
volume of Ni(N03) 2 solution used was, in every case, 25 cm
3 per 
gram of NaY starting material. The ion-exchanged zeolites 
were washed (H2o) , dried in air (ca 320K) and then analysed. 
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At this stage the zeolites were pale green in colour. 
The NiNaY samples were further dehydrated by evacuating 
-5 to ca 5xl0 torr at 293K, followed by heating over 8 hours 
to 593K in a static but periodically refreshed o 2 atmosphere 
The samples were maintained at 593K for 11 
hours while evacuating to ca 5.5xlo- 6 torr and were then 
isolated from the vacuum system while at this temperature. 
The zeolite samples were then pink in colour. The o 2 was 
dried by slow pa1;;sage through an acetone/solid co2 cold trap 
(196K). The samples were heated to 593K because it had been 
reported by Gallezot et az 11 that the migration of Ni++ ions 
to SI sites in Ni14Na 23H5Y' zeolite was complete at this 
temperature (Section 8.2.3). The above dehydration procedure 
was based on that published by Pichat et az1 and differs from 
that given in Chapter Four for the dehydration of the variously 
ion-exchanged type-A zeolites, which did not require o 2 . In 
the case of NiNaY zeolites, the o 2 was requi~ed to prevent 
d t . f th N.++ . t .o l re uc 10n o e 1 ·1ons o Nl . 
The c 2H2 was supplied by B.O.C. and purified by passage 
through concentrated H2so4 to remove water and subsequent 
freeze-pump-thaw cycles in liquid air to remove air. The 
absence of acetone was confirmed by IR spectroscopy. 
(99 atom % D) was supplied by Merck, Sharp and Dohme, Canada, 
and used without further purification. 
The adsorption of acetylene was carried out using the 
technique described in Chapter Four and the experimental details 
are summarised in Table 8.2. For the first ten minutes 
(approximately) of each adsorption experiment, the zeolite 
sample was held at room temperature, after which it was cooled 
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TABLE 8.2 Surrunary of experimental details for the INS spectra 
of the· NiN'aY/a:c·etylene adsorption complexes 
sample A B c 
sample 
a Nil4.5Na54~.oy Ni20. 6Na41. 6 y Ni22.0Na39.0y 
composition 
spectrometer IN4 IN4 DIDO b.f.d. 
gas adsorbed C2H2 C2H2 C2D2 C2H2 
: 
temperature of ... :J. 10 10 10 77 
ms nm/K ~ 
,·, 
,. /· 
·~· 
coverage/ \ 1.2 2.2 2.0 2.6 
molecules per { 
I. ~ .. 
super cage (8) 
! 
rraximum press- 'I 407 508 596 690 I .. 
ure during ! 
adsorption/ 
torr •-.. 
residual over- .-:~ 1.5 0.2 <0.1 <1.0 
.. 
pressure of 
acetylene in 
sample can/ 
torr .. 
. ,, 
' 
% scattering •I 8 14 4 15 '; 
fran adsorbed ., 
. gas 
' 
·' 
. (a . adsorbed 
. _ lP~ . . . ·-:c f. 
' 10 17 0.4 20 ac¢tylen. · , 
(~ . - zeoli t' 1nc 
'. 
Note a. 
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to 77K for the remainder of the adsorption. Because the 
adsorptilln was mostly carried out at low temperatures and because 
of the low uptakes of acetylene, it is expected that only very 
small quantities, if any, of benzene would have been produced. 
In the case of adsorption of c2H2 and c2D2 by samples 
B and C, the colour of the zeolites changed from pink to pale 
yellow. which is· consistent with a change in the coordination 
. f th N.++ . env1ronment o e 1 1ons. No colour change was discernible 
on adsorption of c2H2 by sample A which may be due to the smaller 
number of Ni++ ions present in this zeolite and the smaller 
quantity of acetylen~ adsorbed (Table 8.2). 
The t.o.f. spectra presented in this chapter were obtained 
on the IN4 spectrometer at the I.L.L., Grenoble, using an· 
incident neutron energy of 294 cm-1 . Subtraction of flat 
baselines and subsequent grouping of the data into equal energy 
-1 (4 em ) bins has been carried out for all of the t.o.f. spectra. 
Where appropriate, Gaussian curves were then fitted to the 
spectra. The necessary calculations were carried out using 
the computer programs described in Chapter Six. 
The b.f.d. spectra shown in this chapter were obtained 
on the DIDO b.f.d. spectrometer at A.E.R.E., Harwell. 
8.4 Results 
8.4.1 The t.o.f. spectrum of dehydrated NiNaY 
The t.o.f. spectrum of dehydrated Nil4.5Na54.0y 
is shown in . Fig. 8.2 . This sample was later used to obtain 
the t.o.f. spectra of NiNaY + C2H2 adsorbed at low covet:"age; 
the t.o.f. spectra of the other dehydrated NiNaY _zeolite used 
in this work (Table 8.2) was very similar to that shown in Fig.8.2. 
r-1 
CX) 
(V) 
Fig. 8.2 T.o.f. spectrum (lOK) of dehydrated Ni 14 •5Na54•0-Y zeolite, with no background 
subtracted. Scattering angle 64.5°. 
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Fig. 8.2 shows an extremely broad band extending 
-1 from ca 40 to 200 em and showing many weak and partially 
resolved features, the most prominent of which occur at 190, 
-1 171, 157 and 151 em . On increasing the scattering angle, 
the spectrum of dehydrated NiNaY retains the same overall shape 
as Fig.8.2, except that the scattering intensity decreases and 
the prominent features listed above show a variation in frequency 
-1 o-1 
of ± 5 em over the Q range studied (3.8 to 6.2 A for the 
-1 o-1 -1 ca 190 em band, 3.9 to 6.6 A for the ca 151 em band} . 
In dehydrated NiNaY, the only nuclei with non-zero incoherent 
inelastic neutron scattering cross-sections, cr. , are Ni and 1nc 
Na (cr. = 4.7 and 1.7 barns respectively14}. Thus we assign 1nc 
the intensity in the region ca 40 to 200 cm-l of the t.o.f. 
spectrum of dehydrated NiNaY (Fig.8.2} to partially resolved 
zeolite lattice modes involving significant displacement of 
Ni and Na nuclei. 
8.4.2 The t.o.f. spectra of acetylene adsorbed by NiNaY 
In Figs. 8.3 to 8.5 we show the t.o.f. spectra for 
three scattering angles of c2H2 (coverages 8 = 1.2 and 2.2 mole-
cules per supercage} and c2D2 (8 = 2.0} adsorbed in NiNaY, re-
corded on the IN4 spectrometer at lOK. The band frequencies 
obtained by f~tting Gaussian curves to the spectra (Figs. 8.3-8.5} 
are listed in Tables 8.3 to 8.5. Hereafter we refer to the 
fitted bands by the frequencies at which they arise in the 
spectrum recorded at the lowest scattering angle for each sample. 
(a} NiNaY + c2H2;,\ coverage 1. 2 molecules per supercage 
These spectra (Figs. 8.3, Table 8.3} show prominent bands 
at 171 and 75 cm-1 . Both bands show shoulders, to which we 
M 
co 
M 
Figs. 8.3 T.o.~. spectra (lOK) of OOiNa-Y zeolite plus adsorbed c2H2 , coverage 1.2 molecules per 
supercage. The background spectra of ~he dehyara~ed zeolite have been subtracted. 
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TABLE 8.3 Assignment of the t.o.f. spectra of c2H2 adsorbed in 
NiNaY zeolite (lOK) at low coverage, assuming c 2v 
symmetry for the admolecule. The coverage e was 
.1.2 molecules c 2H2 per zeolite supercage. 
scattering angle 0 fig. 8.3a. = 64.5 ' 
mode -1 ·, 2 2-2 
p Ip Ip v,cm Q ·, 1
oBS I H 
? 216 14.5 18 - -
T 171 . 15.2 100 100 100 y 
t 134 16.0 23 34 24· 
z 
tx 112 16.6 27 33 24 
T 74 17.7 87 72 96 
z 
t 37 18.8 18 36 26 y 
scattering angle 0 = 94.5 l fig. 8.3b 
mode -1 
2 o~2 .. p Ip Ip v,cm Q ,A 10BS I H 
? 215 23.7 23 - -
T 173 26.6 100 100 100 y 
t 135· 29.1 27 36 26 
z 
t 11.4 30.6 27 34 25 
X 
T .80 32.8 57 54 72 
z 
t 45 35.0 12 28 21 y 
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TABLE 8.3 (contd.) 
scattering angle 0 = 108.0 , fig. 8.3c 
-
mode -1 Q2,~--2-- p Ip Ip v,cm 10BS I H 
? 218 27.7 19 - -
T 173 31.8 100 100 100 y 
t 135 35.1 25 37 27 
z 
t 113 37.0 28 34 25 
X 
T 77 40.0 60 47 63 
z 
t 40 42.9 15 26 19 y 
·-. 
Notes -
v = band frequency, to = momentum transfer during scattering 
event, I~BS = observed relative band intensity, I~ = 
relative band intensity calculated using !washita model 
for the admolecule; I~ = relative band intensity 
calculated using the Howard and Waddington model 
(Section 8.4.3). 
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Figs. 8.4 T.o.t·. spectra (lOK) ot· NiNa-Y zeolite plus adsorbed c2H2 , coverage 2.2 molecules per 
supercage. The backgrouna spec"tra o1· the dehydra"ted zeolite have been sub"trac"ted. 
Fig. 8.4a Scaitering angle 64.5° 
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Fig. 8.4b NiNa-Y zeolite plus C2H2 , 2.2 molecules per supercage, background subtracted. 
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Fig. 8.4c NiNa-Y zeolite plus c2H2 , 2.2 molecules per supercage, background subtracted. 
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TABLE 8.4 Assignment of the t.o.f. spectra of c2H2 adsorbed 
in NiNaY zeolite (lOK) at high coverage, assuming 
c2v symmetry for the admolecule. The coverage 6 
was 2.2 molecules c2H2 per zeolite supercage 
scattering angle 0 = 64.5 , fig. 8.4a 
-
mode -1 0 2 I ~;..;2-' 
p Ip Ip v,cm 10BS I H 
? 217 14.5 18 - -
T 169 15.2 100 100 100 y 
t 131 16.1 19 37 27 
z 
t 110 16.6 23 27 20 
X 
T 74 17.7 87 66 88 
z 
t y 37 18.8 16 25 18 
scattering angl'e 0 = 108.0 1 fig. 8.4b 
- / 
mode -1 Q2 ~~~2/ p p· Ip v,cm 10BS II H 
. 
? 216 27.9 27 - -
T 174 31.8 100 100 100 y 
t 134 35.2 38 47 34 
z 
t 105 37.7 23 23 17 
X 
T 76 40.0 68 41 55 
z 
t 41 42.8 6 7 5 y 
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TABLE 8.4 (contd.) 
scattering angle 0 = 135.0 , fig. 8.4c 
-
mode -1 2 6'='2 
p Ip Ip v,cm Q ,A 10BS I H 
? 218 34.9 22 - -
T 173 40.8 100 100 100 y 
t 128 46.3 26 54 39 
z 
tx 102 49.2 16 21 15 
T 72 52.5 40 32 43 
z 
t 41 55.9 4 4 3 y 
Notes -
v = band frequency, ~Q = momentum transfer during scattering 
event, I~BS =observed relative-band intensity, I~= 
relative band intensity calculateQ using !washita model 
for the admolecule, I~ = relative band intensity 
calculated using the Howard and Waddington model 
(Section 8. 4. 3) . 
("') 
0\ 
("') 
Figs. 8.5 T.o.t·. spectra ot· Ni.Na-Y zeolite plus adsorbed c2n2 , coverage 2.0 molecules per 
supercage. The background spectra ot· tne dehydrated zeolite have been sub~racted. 
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Fig. 8.5b NiNa-Y zeol1te plus c2o2 , 2.0 molecules per supercage, background sub~racted. 
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Fig. 8.Sc NiNa-Y zeolite plus c2o2 , 2.0 molecules per supercage, background sub~racted. 
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TABLE 8.5 Assignment of the t.o.f. spectra of c2o2 adsorbed 
in NiNaY .zeoli.te ( lOK) I assuming .c2v symmetry for 
the adrriolecule. The coverage e was 2.0 molecules 
c2o2 per zeolite supercage 
scattering angle 0 = 64.5 , fig. 8.5a 
-1 Q2, o..,..2: p Ip Ip mode v,cm A 10BS I H 
T 196 14.7 153 195 147 
X 
T y 152 15.6 100 100 100 
t 117 16.4 61 42 32 
z 
t 95 17.0 34 52 39 
X 
T 64 18.0 104 96 117 
z 
t 30 19.0 20 23 17. y 
scattering angle 0 = 108.0 t fig. 8.5b 
--
mode -1 
2'0-2· p Ip Ip v,cm Q ,A 1
oBS I H 
T 189 30.4 209 201 151 
X 
T 151 33.8 100 100 100 y 
t 119 36.5 68 50 38 
z 
t 91 38.8 65 77 58 
X 
T 59 41.4 116 89 107 
z 
t 2 43.9 17 8 6 y 
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TABLE 8.5 (contd.) 
scattering angle 0 = 135.0 , fig. 8.5c 
-:-""·-·-
mode -1 0 2 :-~S-2 p Ip Ip v,cm 10BS I H 
T 188 38 
X 
170 204 153 
T 149 43.8 100 100 100 y 
t 120 47.2 56 55 42 
z 
tx 92 50.3 66 95 72 
T 57 54.2 96 85 103 
z 
t 28 57.2 4 4 3 y 
Notes -
v = band frequency, to =momentum transfer during scattering 
event, I~BS = observed relative band intensity, I~ = 
relative band intensity calculated using !washita model 
for the admolecule, I~ = relative band intensity calculated 
using the Howard and Waddington model (Section 8.4.3). 
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have fitted Gaussian curves centred at 216 and 37 cm-l res-
pectively (Fig. 8.3a). The intensities of the 75 and 37 cm-l 
-1 features decrease with respect to that of the 171 em band as 
the scattering angle is increased. Anticipating equations 
8.1 and 8.6 below, the dependence of the band intensities on 
Q is given by the factor exp(-Q2 <u 2 >). The value of o2 in-
creases most rapidly at low, rather than high, energy transfers 
as the scattering angle is raised for our neutron energy loss 
spectra (Figs. 8.3, ~Q is the momentum transfer during the 
scattering event and <U 2 > is the mode dependant mean square 
displacement of the oscillator) . 
In Figs. 8.3, the region between the 171 and 75 cm-l bands 
is not resolved but appears to contain some structure, which is 
most evident at the higher scattering angles (Figs. 8.3b,c). 
We were unable to ~reproduce the structure by fitting one Gaussian 
curve (of full width at half maximum of 61 cm- 1 ) to this region 
of the spectra. As a first approximation to the observed 
scattering intensity, we have fitted two Gaussian curves, at 
-1 134 and 112 em (Fig. 8.3a). Thus a total of six Gaussian 
curves have been fitted to the data (Figs. 8.3) and the fitting 
of the 216, 134, 112 and 37 cm-l bands must be regarded as less 
accurate than that of the more intense 171 and 75 cm-l bands. 
All the band maxima show a small variation in frequency with 
scattering angle. This because the statistics and resolution 
of the t.o.f. spectra (Figs. 8.3) are such that there is no 
unique fit to the data and the fitted band maxima may be in 
slight error. This point also applies to the other t.o.f. 
spectra presented in this chapter (Figs. 8.4, 8.5). 
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(b) NiNaY + c2H2 , coverage 2.2 molecules per supercage 
The spectra of c2H2 adsorbed at the coverage of 8 = 2.2 
(fig. 8.4, Table 8.4) resemble quite closely those obtained at 
the lower coverage (Figs. 8.3). Accordingly, six Gaussian 
curves were fitted to the higher coverage data (Fig.8.4), fre-
quencies and relative intensities being similar to those of 
the lower coverage case. 
(c) NiNaY + c2n2 , .coverage 2. 0 molecules per supercage 
The spread in the data points of these spectra (Fig.8.5, 
Table 8.5) is somewhat greater than that for adsorbed c2H2 
(Figs. 8.3, 8.4). This is expected from the low value of th~ 
incoherent inelastic neutron scattering cross-section of the 
D nucleus compared with that of the H nucleus (2.0 and 79.7 
barns, respectively14 ). 
Six Gaussian curves have been fitted to the NiNaY + c2D2 
spectra (Fig.8.5, Table 8.5), the fiv~ bands from 152 to 30 cm-l 
corresponding to the five lowest frequency bands in the spectra 
of c2H2 adsorbed at both coverages on NiNaY. 
Apart from the deuteration shifts, the principal difference 
between the t.o.f. spectra of adsorbed c 2D2 (Fig.8.5) and those 
of adsorbed C2H2 (Figs. 8.3, 8. 4) is the very intense shoulder 
in the C2D2 data at 196 
-1 This 19.6 -1 shoulder is from em em 
1.5 2.0 times intense than the adjacent 152 -1 to more em band 
in the c2n2 results (Fig.8.5), which contrasts with the case 
for adsorbed c2H2 (both coverages) in which the ca 216 .em -l . 
shoulder is about one fifth the intensity of the adjoining band 
at ca 171 cm-l (Figs. 8.3, 8.4, Tables 8.3, 8.4). Thus the two 
-1 -1 
shoulders, at 196 em (c2D2 ) and 216 em (c2H2), probably 
have different physical origins. 
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8.4.3 Assignment of the t.o.f. spectra of NiNaY+acetylene 
The lowest frequency internal vibrations of solid 
phase c2H2 are reported to occur at 747.5 to 768.8 cm-l 
(v 5 , os(C-H)) and at 626 cm-l (v 4 , oas(C-H)) .
15
'
16 For c2o2 , 
-1 -1 15 
v5 has been observed at ca 560 em and 2v 4 at 1057.5 em 
Thus the bands in our t.o.f. spectra of adsorbed c2H2 and c2o2 
;_1 (Figs. 8.3-8.5), which occur at a maximum frequency 218 em , 
might arise from: 
1. modes of adsorbed acetylene relative to the surface; 
2. amplified zeolite lattice modes; 
3. lattice modes of solid acetylene. 
Published IR and Raman spectra16 ' 17 ' 18 of solid 
c2H2 at 77K (and c2o2 at lOOK) have indicated lattice vibrations 
at 1 7 4 , 12 2 ( 118 ) , 10 2 ( 9 8 . 5) , 8 2 ( 7 0) and 7 6 ( 6 5 . 5) -1 em , where 
the frequencies in brackets refer to solid c2o2 . These fre-
quencies are similar to those observed in the t.o.f. spectra 
of NiNaY + c2H2 (c 2o2 ) at 171, 130(118), 109(98) and 75(65) 
(Tables 8. 3, 8. 5) . Evidence that the bands in our t.o.f. 
-1 
em 
spectra of NiNaY+acetylene (Figs. 8.3-8.5) are due to modes of 
adsorbed, rather than solid phase, acetylene is the observation 
in the b.f.d. spectrum of NiNaY+C 2H2 of the v4 and v5 internal 
15 16 
modes of c2H2 at frequencies perturbed from those reported ' 
for solid c2H2 (Section 8.4.4 below). 
We have assigned features at 190, 171, 157 and 151 
cm-l in the t.o.f. spectra of dehydrated NiNaY to zeolite lattice 
modes (Fig.8.2, Section 8.4.1). Although a band was observed 
at 171 cm-l in the t.o.f. spectra of adsorbed c2H2 (Fig.8.3, 
Table 8.3), the high intensity of this band in the t.o.f. spectra 
favours its assignment to a mode of adsorbed c 2H2 relative to 
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the zeolite surface, rather than to a zeolite lattice mode 
of enhanced intensity through riding motion of adsorbed c 2H2 . 
The non-observation of features at 190, 157 and 151 cm-l in 
the NiNaY+C 2H2 results (Figs.8.3,8.4, Tables 8.3,8.4) also 
indicates that zeolite lattice modes make, at most, a very small 
contribution to the t.o.f. spectra of adsorbed c 2H2 . Therefore 
all the bands in the t.o.f. spectra (Figs. 8.3-8.5) of NiNaY+ 
acetylene will be ascribed to modes of adsorbed acetylene relative 
to the zeolite surface. 
The t.o.f. spectra (Figs. 8.3-8.5) of adsorbed 
acetylene will be 'assigned using the band intensities and deuter-
ation shifts calculated for various geometries of the absorbate. 
As a further guide to the assignment of our t.o.f. spectra, we 
note that in INS studies2 ' 6 of acetylene adsorbed in fully ion-
exchanged AgX and Ag12A zeolites, the observed hindered trans-
lations and rotations of the admolecule (Fig.8.1) occurred in 
the following order of frequency: 
> T > t 
> T 
y z 
y > t z 
> T 
z 
> t > T A z > t B 
(AgX) , and 
2 In the Ag12A + c 2H2 study the respective ordering of frequencies 
of the t and t modes could not be determined and in the above 
X y 
sequence, if tA = tx then t 8 
19 
complex co2 (co) 6 -c2H2 , the 
= t , or vice versa. y In the 
vibrational modes corresponding to 
20 those of adsorbed c 2H2 have been reported in an INS study to 
occur in the frequency order 
The ordering 
TX > Ty > tz > t' > T .-X ·z > t y 
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has been reported in INS studies of w-bonded ethylene ligands 
21-26 in various organometallic and intrazeolitic sorption complexes. 
2 6 The INS studies ' of acetylene adsorbed by zeolites Ag12A 
and AgX have shown that the acetylene molecule is non-linear 
and laterally bonded to the coordinating Ag+ cation. Lateral 
bonding of adsorbed acetylene to a cation is also indicated by 
7-lo I the X-ray results of Seff et al and the IR Raman data of 
4 5 Tam et al~ ' for c2H2 adsorbed in a range of partially ion-
exchanged zeolites type A and X, and probably occurs for c2H2 
adsorbed in NiNaY1 (Section 8.2). We will show that the 
laterally bonded, non-linear model of molecularly adsorbed c2H2 
is consistent with our INS results for acetylene in NiNaY. 
The six hindered rotations and translations of the adsorbed 
molecule were shown in Figure 8.1 and the relative INS band 
. t 't' Ip 1n ens1 1es, , of these hindered modes can be predicted 
(Chapter Two) in the harmonic apprixmation from equation 8.1 
below: 
where: 
a. lnC 
( 8 .1) 
a. is the incoherent inelastic neutron scattering cross section 1nc 
of the H nucleus in the case of adsorbed c2H2 and of the D 
nucleus in the c2n2 experiments; 
'V 
Z(v) is the vibrational density of states; 
'. -~ -
~-·-is the frequency o(·t.he' mode in em .,..._ 1 
and ~ is the effective mass of the oscillator, given in the case 
of adsorbed acetylene (c2v or Dooh symmetries) by: 
translational modes: 
torsional modes 
JJ = 2/M 
2 JJ = 2r /IR 
where M is the mass of the scattering molecule, 
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(8.2) 
( 8. 3) 
IR is the moment of inertia of the admolecule about 
the relevant rotation axis, and 
r is the radius of gyration of the scattering nuclei. 
In equation 8.1, the term exp[-2W] is the Debye-Waller factor 
which is evaluated in terms of a mode-dependent model in 
Appendix 8A. 
The precise geometry of the admolecules strongly influences 
the relative INS intensities of the hindred rotations (Figure 
8.1), through the effect of the different moments of inertia 
(equation 8.3) on the JJ-l term in equation 8.1. We will con-
sider three possible models for the geometry of the acetylene 
admolecules in NiNaY, using structural data available in the 
literature. These models are: 
1. A linear acetylene molecule, using structural data for 
the solid state27 (the C=C bond length is 1.2oR and the C-H 
0 
isl.OSA); 
2. The non-linear model proposed by Howard and Waddington 
for acetylene adsorbed in AgX zeolite6 ' 28 , in which the c 2H2 
0 
moiety has c 2v symmetry and the c=c bond length is 1.20A, the 
C-H length is l.o6R and the CCH bond angle is 170° with the 
C-H bonds bent away from the plane of the surface. The bond 
angle of 170° was not derived from the experimental results but 
was used as an example to illustrate the effect on the INS band 
intensities of a loss of linearity of the admolecule. 6 ' 28 
3. The structure proposed by Iwashita for the c 2H2 moiety in 
the complex co2 (co) 6 ~c 2H 2 in which the acetylene c=c bond is 
404 
perpendicular to the Co-Co vector. The TI-bonded acetylene 
moiety is non-linear (c 2v symmetry) with the C-H bonds bent 
from the plane of the Co atoms. 19 The c:c bond length away 
0 0 
is 1.388A, the C-H bond length l.08A and the CCH angle is 
120°. 19 
-1 In Table 8.6, we list the values of ~ (equation 8.1) for 
the hindered rotations and translations of the adsorbed acetylene 
calculated for each of th.e three models above. For a given 
model, the three hindered translations have the same value of 
~-l The tabulated values of ~-l are relative and those of 
the hindered translations have been set equal to unity within 
each model. The values of ~-l (Table 8.6) were obtained 
equations 8.2 and 8.3, using the harmonilic approximation and 
allowance was made for the variation in position of the mole-
cular centre of mass as the C-C-H bond angle was changed (this 
affects the Tx and T
2 
modes only). It w.as assumed that the 
0 
C-D bond lengths were O.OlA shorter than the C-H bonds. 
TABLE 8.6 The relative values of u-l in equation 8.1 for 
various models of the geometry of the acetylene 
adsorption complex in NiNaY zeolite 
-
','-1 
-.1 ~ for adsorbed c2H2 ~ foradsorbed· c2n2 · · 
mode 
I washita Ho..,rard linear Iwashita Howard linear 
model rrodel model rrodel model rrodel 
ref.l9 refs.6,28 ref.27 ref.l9 refs.6,28 ref.27 
. Tx 12.CXXJ 12.CXXJ 0.0 6.CXXJ 6.CXXJ 0.0 
Ty 3.636 5.034 3.046 2.918 3.882 2.367 
Tz 2. 711 5.003 3.046 2.403 3.870 2.367 
-
t ,t ,t l.CXXJ l.CXXJ l.CXXJ l.CXXJ l.CXXJ l.CXX) 
X y Z 
The models of the admolecule are described in Section 8.4.3. 
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The observed band intensities in the t.o.f. spectra of 
NiNaY/acetylene (Figures 8.3 to 8.6) and the band intensities 
calculatedvia equations 8.1 to 8.3 within the Howard6 ' 28 and 
Iwashita19 models of the adsorbate are given in Tables 8.3 to 
8.5. The assignments of the bands listed in these tables are 
explained below. Because equations 8.1 to 8.3 give relative 
intensity values, we have arbitrarily set the observed and 
calculated relative intensities of the T mode in each spectrum y 
equal to 100 units (Tables 8.3 to 8.5). The T mode was y 
chosen because it is the most intense band in the spectra of 
-1 Table 8.6 shows that for both c2H2 and c2n2 , the value of ll 
for the T mode is much greater than that of any hindered 
X 
rotation or translation of adsorbed acetylene, provided that 
the admolecule is not linear. -1 Also, the values of ll for the 
T and T modes are similar to each other (Table 8.6). y z Thus, 
for the moment neglecting the other factors in equation 8.1, the 
ll -l values indicate that the modes of a non-linearly adsorbed 
' 
acetylene molecule (C 2H2 and c2n2 ) will occur in the following 
order of intensity. 
T > T ~ T > t = t = t • X y Z X . y Z 
This sequence applies for both the Howard6 ' 28 and Iwashita19 
models of the adsorbate. For a linear adrnolecule, the T mode 
X 
has zero INS intensity and the intensity sequence, based on the 
-1 ll values (Table 8.7) alone, becomes: 
T =T>t =t =t Y Z X y · Z 
The effect of the so far neglected terms in equation 8.1 on 
the INS band intensities is discussed below. 
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The t.o.f. spectra of NiNaY+C 2D2 (Figure 8.5, Table 8.5), 
-1 
show one very intense feature, the shoulder at 196 em , and 
two bands of lesser, but approximately equal intensity at 152 
and 64 cm- 1 . Using the intensity sequence above for a non-linear 
admolecule, we assign the 196 cm-l shoulder (Figure 8.5) to 
-1 the 'x mode of adsorbed c2D2 and the 152 and 64 em bands to 
the T and T modes. y z By appeal to the published
2
'
6 
urder of 
frequencies of the hindered modes of acetylene adsorbed in 
Ag12A and AgX (ie T >T >T ) , we assign the 152 cm-l band (Figure X y Z 
8.5) to the 'y mode of c2D2 in NiNaY and the 64 cm-l band to 
the T mode. 
z 
The remaining bands in the NiNaY+C 2D2 spectra (Figure 8.5, 
Table 8.5), at 117, 95 and 30 cm- 1 , must arise from the three 
hindered translations of adsorbed c2D2 • We cannot distinguish 
between these modes on intensity grounds alone, since they have 
equal values of ~-l (Table 8.6) and the remaining terms in 
equation 8.1 do not depend, in any way which we can calculate·, 
on the direction of the displacement of the nuclei ·during the 
appro~riate vibration. (The situation for the hindered torsional 
modes is more favourable since the moment of inertia of the 
oscillator, which may differ for the , , , and , modes, enters 
X y Z 
the intensity equation 8.1 through equation 8.3). Within the 
harmonic approximation, the deuteration shifts of the hindered 
translations of adsorbed acetylene are calculated to be equal, 
6 28 . 19 for both the Howard ' and Iwash1ta models , and we cannot use 
the deuteration shifts to distinguish between the t , t and t 
X y Z 
modes. F th bl . h d 21- 26 d . f th f . f rom e pu 1s e or er1ng o e requenc1es o 
the hindered translational modes of adsorbed c2H4 (above), we 
tentatively assign the bands at 117, 95 and 30 cm-l in our t.o.f. 
_) 
spectra (Figure 8~5) of NiNaY+c 2D2 to the tz' tx and ty modes 
of c2D2 respectively. 
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In our t.o.f. spectra (Figure 8.3, Table 8.3) of c2H2 
adsorbed at low coverage in NiNaY, the two most prominent bands 
occur at 171 and 74 cm-l and are of similar intensities at the 
lowest scattering angle (Figure 8.3a). By comparison with the 
c2n2 results (ie Figure 8.5), the 171 and 74 cm-l bands (Figure 
8.3) are assigned to the TY and Tz modes of c2H2 , respectively. 
-1 -1 The corresponding bands occur at 169 em (TY) and 74 em (T
2
) 
in the high coverage spectra of NiNaY+C 2H2 (Figure 8.4, Table 
8. 4) • In the spectra of c2H2 adsorbed at both coverages, we 
note that the observed intensity of the T band falls off 
z 
rapidly with respect to that of the Ty band as the scattering 
angle is increased (Tables 8.3, 8.4). On the other hand, the 
corresponding bands at 152 and 64 cm-l in the c2n2 results (Table 
8.5) remain of approximately equal relative intensity as the 
scattering angle is raised. The difference between adsorbed 
c2n2 and c2H2 in the variation with scattering angle of the 
observed intensities of the T and T modes is reproduced in the y z 
values of the calculated intensities (Tables 8.3 to 8.5). 
on grounds of frequency and relative intensity, the bands 
at 134, 112 and 37 cm-l in the low coverage spectra of NiNaY+C2H2 
(Figure 8.3) are hindered translational modes of c2H2 and are 
tentatively assigned to t , t and t respectively using the 
Z X Y 
same arguments given for the ~ 2n2 case. In the high coverage 
spectra of NiNaY+C 2H2 (Figure 8.4), these bands arose at 131, 
-1 110 and 37 em respectively. 
-1 The shoulder at 216 em in the low coverage NiNaY+C2H2 
spectra (Figure 8.3) remains to be assigned. The only hindered 
rotation or translation of adsorbed c2H2 which is as yet un-
assigned in the NiNaY+C 2H2 t.o.f. spectra 1Figure 8.3) is the 
Tx mode.· On the basis of the sequerice of INS band intensities 
t; 
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given above for a non-linear admolecule, the band due to T 
X 
is expected to be the most intense of the bands due to 
C~H~ 
hindered rotations and translations of adsorbed ~H2 • 
the 
There-
fore the 216 cm-l band in Figure 8.3 is of insufficient intensity 
to have arisen from T . 
X 
The intensity sequence of the INS bands was obtained by 
considering only the ~-l terms in equation 8.1 for the corres-
pending modes. -1 We now put our conclusion that T ~216 em on X 
a firmer basis by calculating the relative INS band intensity 
-1 
which would arise at 216 em if the Tx mode of c2H2 were to 
occur at that frequency. This calculation uses all the terms 
in equation 8.1 and the mode dependant Debye Waller factors are 
obtained in Appendix 8A from the observed band intensities. 
The intensity calculated for T at 216 cm-l is compared with 
X 
that observed for the 171 cm-l band (Figure 8.3a) assigned to 
Within the Howard model 6 ' 28 of the admolecule, we find 
the intensity ratio, in arbitrary units, is 222:100 (T :T ) and X y 
for the Iwashita mode119 the ratio becomes 302:100 (T :T ) . X y 
The observed intensity ratio in Figure 8.3a (Table 8.3) of 
the 216 cm-l and 171 cm-l bands if 18:100 (216 cm-1 :171 cm-1 ) 
and thus our calculations confirm that the 216 cm-l band (Figure 
8.3a) is not due to Tx of adsorbed c2H2 . 
· The most intense band in the NiNaY+C2H2 low coverage 
spectra (Figure 8.3) ~s at 171 cm-l and is assigned to T . y 
We can verify that this band should not instead be assigned to 
Tx by calculating the relative INS intensity with which the Tx 
mode would be observed if it did occur at 171 cm- 1 . Again, 
this calculationuses all the terms in equation 8.1 and the mode 
dependant Debye Waller factors are obtained in Appendix 8A. 
-1 The calculated intensity of a T . mode at 171 em is compared X 
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with that observed for the T mode at 74 cm-l (Figure 8.3a), 
z 
the latter being the second most intense band in Figure 8.3a. 
Using arbitrary units, the intensity ratio is calculated to 
be 247:87 (T :T ) in the Howard model 6 ' 28 and 456:87 (T :T ) 
X Z X Z 
in the iwashita mode1. 19 In Figure 8.3a, the observed intensity 
ratio of the 171 and 74 cm-l bands is 100:87 (17lcm- 1 :74cm-1 ). 
Thus our intensity calculations show that neither the 
216 nor the 171 cm-l bands in the low coverage NiNaY+C2H2 
spectra (Figure 8.3a) are due to the Tx moae of c2H2 . The 
same will be true of the 217 and 169 cm-l bands in the higher 
coverage c2H2 results (Figure 8.4). It is likely that the 
Tx mode of C2H 2 occurs above the high frequency cut-off of 
our t.o.f. spectra (240 cm- 1 ). 
We return to the assignment of the 216 cm-l band in the 
low coverage NiNaY+C 2H2 spectra (Figure 8.3; 217 cm-l at high 
coverage, Figure 8.4). This band cannot be due to solid acety-
lene or to benzene. The possibility that our t.o.f. spectra 
contain bands due to the collective modes of solid acetylene 
was discounted above. Our b.f.d. spectra of NiNaY+C 2H2 
(Section 8.4.4) indicate that no benzene was formed in the 
samples used. Although different samples were used for our 
t.o.f. and b.f.d. experiments, they were all prepared in the 
same manner. The 216 cm-l band (Figure 8.3) is not due to 
c2H2 adsorbed at a second site because other bands due to such 
a species would have arisen in the t.o.f. spectra. We are 
-1 
unable to assign the 216 em band in the NiNaY+C2H2 t.o.f. 
spectra (Figure 8.3) except to suggest that it arises from a 
hydrogeneous species other than acetylene or benzene. 
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In Tables 8.3 to 8.5 (cols,5,6) are listed the relative 
INS intensities calculated for the bands in the t.o.f. spectra 
of NiNaY+acetylene (Figures 8.3 to 8.5) for the Howard6 ' 28 and 
Iwashita19 models. Although neither model is exactly in accord 
with the observed intensities (col.4, Tables 8.3 to 8.5), overall 
the Howard model of adsorbed acetylene gives somewhat better 
agreement than does the Iwashita model. An attempt to calculate 
values of ~-l for the modes of adsorbed acetylene via equation 
8.1 from the fitted INS band intensities led to too wide a 
range of values of ~-l for any firm inferences to be made on 
the geometry of the adsorbate. This was due to inaccuracies 
in the curve fitting (Figures 8.3 to 8.5). 29 Robson has 
published plots of the relative INS band intensities and deuter-
ation shifts for the hindered rotations and translations of 
adsorbed acetylene as the C-C-H bond angle, w, is changed 
.within the Howard6 ' 28 and Iwashita19 models. The other para-
meters of these models were held constant and the plots 29 are 
reproduced in Figures 8.6. In our t.o.f. spectra of adsorbed 
acetylene (Figures 8.3 to 8.5), the discrepancies between the 
observed and calculated band intensities show no clear trends 
with scattering angle or band frequency. This applies to both 
6 28 19 the Howard ' and Iwashita models. Thus using the plots of 
Robson 29 (Figure 8.6) to evaluate the bond angle w of adsorbed 
acetylene would be operating beyond the limits of accuracy of 
our INS data (Figures 8.3 to 8.5). However, we note that the 
intensity of the T mode declines relative to that of T in 
z y 
19 d d 6 I 28 h b d 1 both the Iw.ashi ta · and Howar mo els as t e on ang e w 
is decreased from 180° (Figure 8.6). Since we prefer the 
Howard model to that of Iwashita, the band intensities observed 
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Fig. 8.6 The variation of intensity ratio with bond angle 
CCH found for c2H2 using the Howard mode1
6
•
28 
for the adsorbed acetylene molecule. 
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Both these diagrams have been taken from Robson29 • 
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in our NiNaY+acetylene spectra (Figures 8.3 to 8.5) indicate 
that while the adsorbed acetylene is non-linear, the bond angle 
~ is not greatly altered from 180°. Although the value of ~ 
is difficult to quantify, the value of 170° in the model of 
Howard6 ' 28 is consistent with our INS results. 
8.4.4 The b.f.d. spectra of dehydrated NiNaY and 
c2H2 adsorbed in NiNaY 
The spectrum of dehydrated Ni 22 _0 Na 39 _0Y obtained 
at 77K on the DIDO b.f.d. spectrometer is shown in Figure 8.7. 
No subtractions or time normalisations have been applied to 
this spectrum. All the features in Figure 8.7 are weak and 
will have arisen from either zeolite lattice modes or variations 
in the spectrometer background. 
The b.f.d. spectrum of Ni 22 _0Na 39 _0Y+C2
H
2 
(coverage 
e = 2.6 molecules per supercage) at 77K is shown in Figure 8.8. 
The background subtraction 'and time normalisation procedures 
have been carried out on this spectrum and a summary of the 
assignments of the observed bands is given in Table 8.7. The 
-1 band at 156 em in Figure 8.8_is readily assigned to the T y 
mode of adsorbed c2H2 , since this mode gave the most intense 
band in the corresponding t.o.f. spectra at 169 cm-l (Figure 8.4). 
The second most intense band in the t.o.f. results for NiNaY+C 2H2 
(Figure 8. 4) was that due to T at 74 
z 
-1 
em • We assign this 
mode to the band resolved at 87 -1 in the b.f.d. spectrum em 
(Figure 8. 8) . The shoulder at 117 em -1 in Figure 8.8 is 
assigned to unresolved intensity from the tx and t~ modes of 
These modes were ascribed to bands of moderate 
intensity which were fitted, but not fully resolved, at 110 and 
131 cm-l in the t.o.f. spectrum of NiNaY+C 2H2 (Figure 8.4). 
r") 
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Fig. 8.7 BerylliWIIi filter detector (DIDO b.f.d.) spectrum (77K) of dehydrated Ni 22Na39-Y 
zeolite, with no background subtracted • 
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TABLE 8.7 Assignment of the bands (cm- 1 ) observed in the INS spectra of NiNaY + c 2H2 
T.o.f. spectrum of B. f. d. spectrum of 
NiNaY + c 2H2 NiNaY + c 2H2 Assignment 
e = 2.2, lOK 
scattering angle 64.5° e = 2.6, 77K (vibrational modes of c 2H2 ) 
fig. 8.4a fig. 8.8 
37 w - t y 
74 s 87 m Tz. 
110 m ]117 sh,m [ :x 131 m I \ z I 
169 s 156 vs T y 
217 sh, m - ? 
- 684 \)4 
-
- 709 \)5 
e = coverage of c2H2 in molecules per supercage 
m = moderate, s = strong, sh = shoulder, vs = very strong, w = weak. 
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At higher frequencies in the b.f.d. spectra of NiNaY+C 2H2 
(Figure 8.8), weak features are observed at 684 cm-l and 
-1 709 em . These are respectively assigned to the v4 and v5 
internal modes of adsorbed c2H2 , perturbed from the solid state 
-1 15,16 frequencies of 626 and 760 em Frequency shifts of 
2 6 
similar magnitude have been reported ' for these modes on 
The only mode of vibration with respect to the adsorbent 
of c2H2 adsorbed in NiNaY which was unassigned in our t.o.f. 
spectra (Figures 8.3, 8.4), was the Tx mode. However, the 
Tx mode of adsorbed c2o2 was observed at ca 194 cm-l (Figure 8.5). 
The intensities of the bands in the t.o.f. spectra of adsorbed 
acetylene (Figures 8.3-8.5) favour the Howard model of the ad-
molecule (Section 8.4.2). Within this model and adopting the 
harmonic approximation, the deuteration shift of Tx is calcul-
ated to be 0.73. Thus it is predicted that the T mode of 
X 
-1 c2H2 adsorbed in NiNaY would occur at ca 260 em , above the 
-1 high frequency cut-off of the t.o~f. data at 240 em . 
The INS intensity which would arise in the b.f.d. spectrum 
of NiNaY+C 2H2 (Figure 8.8) if the Tx mode did occur at 260 cm-l 
cannot be calculated because the Debye Waller factor for this 
mode is unknown. We note that the 156 cm-l band in Figure 8.8 
-1 is broad and extends to ca 350 em It is possible that the 
high frequency edge of the 156 cm-l band in Figure 8.8 contains 
unresolved intensity from T . 
X 
This possibility could be tested 
by repeating the t.o.f. experiments for NiNaY+C 2H2 using an 
incident neutron energy sufficiently large to observe inelastic 
-1 transitions in the region 200 to 350 em , the resolution of 
417 
the IN4 t.o.f. spectrometer being greater than that of the 
DIDO b.f.d. 
The lowest frequency internal modes of solid benzene 
30 1 
are reported to occur at 4071 607 and 687 em- On ad-
sorption by Nal3X zeolite these modes are reported to arise 
-1 
at 414(s) 1 619(ms) and 725(m) em and on adsorption by fully 
exchanged AgX zeolite, they occur at 417(vs) 1 6ll(m) and 725(vs) 
-1 30 
em These three sets of data were obtained30 on the DIDO 
b.f.d. spectrometer at 77K. Our b.f.d. spectrum of NiNaY+C 2H2 
-1 (Figure 8.8) shows no pronounced features at ca 400 or ca 600 em 
which is evidence for the non-formation of benzene in this sample. 
8. 5 A summary of published INS data for ze·olite/acetylene 
adsorption complexes and organome:tallic compoun·ds 
containing acetylene ligands 
th . t' th INS t bl' h d 2 ' 6 ' 20 In 1s sec 10n we compare e spec ra pu 1s e 
for acetylene adsorbed by the fully ion-exchanged zeolites 
our data for NiNaY+acetylene. The INS spectra for each of 
the zeolite + acetylene systems were consistent with a non-linear 
acetylene admolecule of c2v symmetry, bonded laterally to the 
surface (Figure 8.2). For brevity, the hindered translational 
and torsional modes of adsorbed acetylene relative to the · 
surface will be referred to, in this section, ~s the external 
modes of acetylene. 
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8.5.1 The frequencies of the modes of adsorbed acetylene 
The order of frequencies of the external modes 
of adsorbed c 2H2 is the same for each of the three zeolite 
adsorbents' (Table 8.8) and is: 
> t B 
where, if tA = tx' then tB = ty' or vice versa (Section 8.4.3). 
Although for all three zeolites (Table 8.8), the order of 
frequencies was one of the considerations used to assign the 
external modes of adsorbed acetylene, in no case was this 
consideration in conflict with other observed characteristics 
of the appropriate INS bands, such as deuteration shifts or 
band intensities. 2 ' 6 The frequency order of the external 
modes of adsorbed acetylene was ultimately obtained from the 
order of the analogous modes of the ethylene moiety in organo-
metallic compounds such as K[Ptcl 3 (c2H4)] and [M(C 2H4) 2cl] 2 , 
where M=Rh or IR. 24- 26 
In the Iwashita complex (Table 8.8), the three modes of 
lowest frequency corresponding to the external modes of ad-
sorbed c 2H2 , are in the frequency order 'z > tA > tB. 
20 
Otherwise, the hindered translations and torsions of the c 2H2 
moiety in the Iwashita complex occur20 in the same frequency 
order as they do the zeolite + acetylene samples (Table 8.8). 
8.5.2 Barriers to rotation of adsorbed acetylene 
In the non-linear, laterally bonded model of. 
adsorbed acetylene (Figure 8.1), the 'z mode corresponds to 
rotation of the admolecuie about a c 2 axis and the 'x and 'y 
modes to rotations about c1 axes. 
TABLE 8.8 Band frequencies and barriers to rotation obtained from the INS spectra of 
c 2H2 adsorbed by various .z.eoli.tes and of the Iwashi.ta complex, co2 (CO) 6 c2H2 
mode 
NiNaY + c2H2 Agl2A + C2H2 AgX + c 2H2 co2 (C0) 6 .c2H2 high coverage 
this work, Fig.8.4a ref. 2 ref.6 ref.20 
band barrier band barrier band barrier band !barrier 
frequency height frequency height frequency_ height frequency height 
-1 -1 -1 kJ -1 -1 -1 -1 . -1 em kJ mol em mol em kJ mol em kJ mol 
T - - 382 6.5 523 12.1 797 728 
X 
Ty 169 296:!:3 241 582 150 225 511 3006 
t 131 174 - 86 - 432 -
z 
tA 110 130 - - - 111 -
{5~a ; - ' T 74 12. 5±1. 0 88 19 27. - 156 57 z 
" 
tB 34 57 - - - 78 -
-
----
Notes -
,.,-,·a. Two bands were observed, assigned to the in-phase and out-of-phase torsions of 
coupled rotors 6. 
The Howard model of the adsorbate was used to predict the barrier heights to rotation 
of c 2H2 adsorbed in the various zeolites, the Iwashita model .was used for the complex 
co2 (co) 6 .c2H2 . 
tA and tB denote hindered translational modes of the acetylene admolecule. For a given 
sample, if tA=tx' then tB=ty' or vice versa. The frequency order of these two modes need 
not be the same for all four samples in this table. 
*"' 1-' 
\0 
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Generally, the potential barrier, V(~), of a hindered 
rotor in an n-fold potential well is given, in the first 
. . 38 b 
approx1mat1on, y 
V:. 
V ( ~ ) = ; ( 1-:-cos n ~) ( 8. 4) 
where ~ is the angle of rotation and Vn is the barrier height. 
For barriers which are large compared to the spacing of rota-
tional energy levels of the admolecule, the rotation about a 
given axis is confined to a torsional oscillation about the 
potential minima of the appropriate function V(~). In the 
harmonic approximation, the force constant of such a torsion 
d 2V ( p) is given by 2 and from equation 8.4: d~ . 
E: = .!l_ 
2"IT 
v 
n ~ 21) 
R 
( 8. 5) 
where E is the frequency of the torsion and IR the appropriate 
moment of inertia. (Equation 8.5 does not hold if extra terms 
are included in equation 8.4. for the potential function V(~)). 
In Table 8.8 are listed the barrier heights V calculated 
n 
from equation 8.5 for the T (n=2) and T , T (n = 1) modes 
Z X y 
of adsorbed c 2H2 and for the !washita complex. To obtain 
the values of IR (equation 8.5), the Howard model6 ' 28 of the 
c 2H2 adsorbate was adopted for the zeolite + acetylene samples 
(Table 8.8). This model was chosen because it was the pre-
ferred model for NiNaY + acetylene (Section 8.4.3). For the 
co2 (C0) 6 ·c2H2 complex, the geometry due to Iwashita
19 
was used 
to calculate the IR values (equation 8.5) for the c 2H2 moiety. 
In Table 8.8 (col.3), the listed value of the barrier 
height for each of the T modes of c 2H2 adsorbed by NiNaY was 
obtained from the average frequency of the appropriate band in 
the t.o.f. spectrum of NiNaY+C2H2 at high coverage (Figure 8.4). 
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The quoted errors in the values of the barrier height (Table 
8.8, col.3) arose from the variation of the band frequency 
from the average. 
No barrier height is listed in Table 8.8 for the T mode 
z 
of c2H2 adsorbed by AgX. 
6 The published INS spectra of this 
sample .show the T band to be split into two components due 
z 
to in-phase and out-of-phase torsions of coupled c2H2 rotors. 
The effective force constants for these torsions therefore 
contain a contribution from an adsorbate --- adsorbate inter-
action as well as from the adsorbate --- adsorbent interaction. 
The order of barrier heights for a given mode of acety-
lene in the samples of Table 8.8, is 
Iw >> AgX > Ag12A for the T mode, X 
Iw >> Agl2A > NiNaY > AgX for T and y 
Iw >> Agl2A > NiNaY for T z' 
where Iw denotes the Iwashita complex. The high barrier 
heights appertaining to the Iwashita complex (Table 8.8) 
are consistent with the strong interaction between the c2H2 
moiety and the remainder of the molecule proposed by Iwashita 
et az 3 , Nelson et az 32 and Blizzard et az. 33 According to 
31-33 these authors , each C atom forms a a-bond to both Co 
atoms and the bonding is supplemented by back do.nation from 
* filled d-orbitals of Co to antibonding TI orbitals of the 
coordinated acetylene~ 
The barrier heights for acetylene adsorbed in the zeolites 
Ag12A and AgX are in the main greater than the corresponding 
barriers for the NiNaY adsorbent (Table 8.8). This suggests 
stronger TI-bonding in the Ag+(d10)-C2H2 sorption complexes 
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J; ~n the Ni++(d8)-c2H2 complex. The differences between 
the Ag12A and AgX adsorbents may be related to the different 
electric fields within the voids of the two zeolites and to 
34-37 the proposed existence of clusters of Ag ions in de-
hydrated Ag12A. The formation of clusters on the dehydration 
of Ag12A is not fully understood and various structures for 
these clusters have been suggested in the literature, eg. 
(Ag+)8(Ag)6 34-36 1' + o A+. 37 or 1near Ag -Ag - g 1ons. 
8.5.3 The INS intensities 6f the bands due to adsorbed 
acetylene 
In Table 8.9 we list the reported INS band 
intensities, observed and predicted within-~arious models, 
for the external modes of adsorbed acetylene. Data for 
AgX+acetylene are not available because of difficulties in 
. 6 determining the spectral baselines. For each sample in 
Table 8.9, the observed and calculated relative intensity of 
the lowest frequency t mode of adsorbed acetylene has been 
set equal to 10, in arbitrary units. For acetylene adsorbed 
by NiNaY and Ag12A, the predicted band intensities (Table 8.9) 
were obtained within the Howard model 6 ' 28 of the adsorbate, 
For the 
NiNaY + acetylene samples, .the predicted intensities (Table 8. 9) 
were obtained via equation 8.1 and the observed intensities 
directly from curve fitting (Figures 8.4, 8.5). This is 
different from the published values listed in Table 8.9, for 
Ag12A + c2H2 and the !washita complex.
2
,
20 For the latter two 
samples, the observed intensities have been"corrected for o2 
·.:-:;2 20 . 
and v"·v, ' and the pred1cted intensities are independent of 
('I") 
N 
""' 
TABLE 8.9 The observed and predicted band intensities in the INS spectra of acetylene 
adsorbed by various zeolites and the Iwashita complex, co2 (co) 6 .c2H2 
NiNaY + c2H2 NiNaY + c2D2 Agl2A + C2H2 co2 (co) 6 . c 2H2 
mode high coverage this work this work, 
Fig.8.4a Fig. 8.5a ref. 2 ref. 2. 
observed predicted observed predicted observed predicted observed predicterl 
'[ 
-
X -
84.8 86.5 82.0 100.0 128.2 120.5 
'[ y 62.5 55.6 43.5 58.8 12.1 41.9 18.5 36.5 
t 
z 
11.9 15.0 18.3 18.8 10.6 10.0 12.8 10.0 
tA 14.4 11.1 22.6 22.9 12.2 10.0 10.0 10.0 
I 
'[ 54.4 48.9 41.7 68.8 
z 
4l.Oa 41.6 37.4 27.2 
I 
tB 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
-----
----~--
- ---
L.___ ---- -~~ 
---~- -~ 
--·10.~~~1 
Notes -
(',:a. Average value obtained from t. o. f. spectrc;t recorded at 3 different scattering angles. 
The Howard model of the adsorbate was used to predict the INS band intensities of 
the zeolite + acetylene samples, the model due to Iwashita was used for the complex 
co2 (co) 6 .c2H2 . (6,19,28). 
tA and tB denote hindered translational modes of the acetylene admolecule. For a 
given sample, if tA=t·x' then tB=ty, or vice versa.. The frequency order of these 
two modes need not be the same for all four samples in this table. 
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these two parameters. Thus -~ comparison, of either the 
observed or predicted INS band intensities, between the NiNaY + 
acetylene samples on the one hand and the remaining samples in 
Table 8.9 on the other hand, cannot be made. However, for a 
given sample (Table 8.9), there is good agreement between the 
observed and predicted INS intensities, except for the slight 
overestimate in the predicted values for the T and T modes y z 
of NiNaY + c2n2 and the large overestimate of the 'y mode in-
tensity for Ag12A + c2H2 and the Iwashita compleX'. A similar 
discrepancy between the observed and predicted INS band in-
tensity of the 'y mode of coordinated c2H4 in Zeise's salt 
24 has been reported. We are unable to explain these dis-
crepancies. 
8.5.4 The deuteration shifts of the hindered trans-
lations and torsions of adsorbed acetylene 
In Table 8.10 we list the deuteration shifts ob-
served for the modes of adsorbed acetylene in the zeolites 
NiNaY, Ag12A
2 
and AgX6 and for the Iwashita complex. 20 
The observed deuteration shifts for NiNaY + acetylene 
(Table 8.10} were obtained from the ratio of band frequencies 
in the NiNaY + c2D2 (8=2.0) and NiNaY + c2H2 (8=2.2) t.o.f. 
spectra (Figures 8.4, 8.5). In these t.o.f. spectra there is 
no systematic variation of the band frequency with scattering 
angle and thus the observed deuteration shifts (Table 8.10) were 
calculated by taking the average value of the quantities 
vD' min 
·and 
max 
, where "min" refers to the lowest 
min 
frequency of the band in the spectra at all three scattering 
t.n 
N 
"" 
TABLE 8.10 The deuteration shifts of the bands in the INS spectra of acetylene adsorbed 
by various zeolites and of the Iwashita complex, co2 (co) 6 .c2H2 
NiNaY + acetylene Ag12A+acetylene AgX + acetylene C02 (C0) 6 .c2H2 
mode this work ref.2 ref.6 ref.20 
observed predicted observed . predicted observed predicted observed· predicted 
T 
-X 
0.73 0.83 0.73 0.73 0.73 0.78 0.73 
T 0.88±0.02 0.85 0.82 0.85 0.75 0.85 0.88 0. 89 y 
t 0.88±0.02 0.96 0.99 0.96 - 0. 96 0.99 0.96 z 
tA 0.89±0.04 0.96 - 0.96 - 0.96 - 0.96 
0.88±0.05 0.85 0.85 a 0.85 0.91 T - 0.87 ±0.02 -z 
tB o. 74±0.06·; 0.96 - 0.96 - 0.96 - 0.96 
~ 
-
Notes 
I 
- p.Average value of two bands due to in-phase and out-of-phase torsions of coupled rotors. 
The deuteration shifts for NiNaY+ acetylene were obtained from Figs. 8.4 and 8~5. 
The Howard model of the adsorbate was used to predict the deuteration shifts of the 
zeolite+acetylene samples, the model due to Iwashita was used for the complex 
co 2 (co) 6 .c2H2 (6,19,28). 
tA and tB denote hindered translational modes of the acetylene admolecule. For a 
given sample, if tA=t then tB= t , or vice versa. The frequency order of these \ X y 
two rrodes need not be the same for all four samples in this table. 
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angles of a given sample (Tables 8.41 8.5) and "max" refers 
to the highest frequency. The tabulated errors in the 
observed deuteration shifts are the difference between the 
average value and vDI min/vH 1 max (Table 8.10). 
Included in Table 8.10 are the deuteration shifts cal-
culated within the harmonic approximation for adsorbed and 
coordinated acetylene. The calculations were carried out using 
the Howard model of the acetylene admolecule for the zeolite + 
acetylene samples of Table 8.10 and the Iwashita model was used 
There is only modest agreement between the observed and 
predicted deuteration shifts for the modes of all the samples 
in Table 8.10. The discrepancies between theory and experiment 
are probably due in a large part to slight errors in deter-
mining the frequencies of the observed INS bands; such errors 
have a serious effect since th~ predicted shifts are close to 
unity. This is reflected in the large difference between the 
observed and calculated deuteration shifts of the ty mode of 
acetylene adsorbed by NiNaY (Table 8.10). In the t.o.f. spectra 
of NiNaY + acetylene (Figures 8.4 1 8.5) I the ty band was poorly 
resolved from the Tz band and of low intensity and was thus 
difficult to fit accurately. 
Despite the modest agreement between the observed and 
calculated deuteration shifts (Table 8.10) I some general comments 
can be made. It has been pointed out6120 that the observed 
deuteration shifts of the T mode for the Iwashita complex and 
. X 
I 
for AgX +acetylene are close to 2-~(:;q,7o7f and that this 
implies that the C atoms of adsorbed acetylene undergo only a 
small displacement during the T mode. 
X 
6 It has been shown that 
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the deuteration shift of the T mode of adsorbed acetylene, 
X 
calculated within both the Howard and !washita models of the 
adsorbate, is not a function of the C-C-H bond angle provided 
that the angle is not 180° and that the bond lengths of acetylene 
are assumed to be constant with the bond angle. 
The deuteration shifts observed for the translational 
modes of acetylene adsorbed by Ag12A and AgX and for the !washita 
complex are greater than those observed for the T modes of 
these samples, which is in accord with the predicted values 
(Table 8.10). 
The observed deuteration shifts (Table 8.10) of the trans-
lational and torsional modes of acetylene adsorbed by NiNaY are 
equal within experimental error (excepting t , see above). y 
For NiNaY + acetylene, there is no apparent trend in the variation 
between the observed and predicted deuteration shifts (Table 8.10) 
which cannot therefore be used to test our assignment scheme 
of the corresponding spectra (Figures 8.3 to 8.5). 
8.6 Conclusions 
Our INS spectra of acetylene adsorbed in NiNaY zeolite 
are consistent with lateral bonding of the adsorbate to the 
surface. The presence of an intense shoulder in the t.o.f. 
spectra of adsorbed c2n2 (Figures 8.5) indicates that the ad-
moecules are not linear. This is similar to the published2 ' 6 
INS results for acetylene adsorbed in Ag12A and AgX zeolites 
in which the admolecules are also non-linear and laterally 
bonded to the adsorbent. 
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our spectra of adsorbed acetylene show no evidence that 
cyclotrimerisation and the formation of benzene occurred in 
our samples. Indeed, the formation of benzene was not ex-
pected to take place, given the conditions under which the 
I 
acetylene was adsorbed and the temperatures at which the INS 
spectra were recorded. 
APPENDIX 8.A Evaluation: of the Debye·-wal:l·e·r .fa·c·tor of 
the modes·: o·f adsorbed acetylene 
For each mode of c2H2 or c2n2 adsorb~d in NiNaY, the 
Debye-Waller factor (DWF), exp(-2W) in equation 8.1 above, 
can be written: 
(8.6) 
"' where <U2(v)> is the mean square displacement of the scattering 
"' nucleus, H or D, in the mode of frequency v. The value of 
<U2(~)> is obtained by plotting the observed.intensity, IP, of 
p 
a given band as lni against Q2 for the spectra obtained at 
different.scattering angles. A straight line ~f gradient 
-<U2(~)> will be obtained for a given band provided that the 
intensity arises solely from a fundamental mode (or degenerate 
. fundamentals) and that there is no contribution fro~ overtones 
or combinations. Plots of lniP against Q2 obtained from the 
t.o.f. spectra of c2H2 (8=1.2, Fig.8.3 and 8=2.2, Fig. 8.4) and 
c2n2 (8=2.0, Fig. 8.5) adsorbed in NiNaY are shown in Figs. 8.9 
to 8.11 in which the straight lines are least squares fits to 
the data points. The fitted lines are not good ~its to the 
data and there is a systematic deviation from linearity which 
arises from the fact that the estimates1 obtained from the curve 
0'1 
N 
"" 
Fig. 8.9 Plot of ln Ip against Q2 for the INS spectra of NiNa-Y zeolite plus c2H2 , coverage 
1.2 molecules per supercage, lOK (see figs. 8.J). 
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Fig. 6.10 Plot of ln Ip against Q2 for the INS spectra of NiNa-Y zeolite plus c2H2 , coverage 
2.2 molecules per supercage, lOK (see figs. 8.4). 
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fitting procedure, of the observed band intensities in a 
given spectrum are correlated. The gradient of the least 
squares fits are listed in Figures 8.9 to 8.11 and the value 
of -<U2 (~)> thus obtained for each mode of adsorbed acetylene 
was used to calculate the relative INS band intensity for a 
particular geometry of the admolecule via equations 8.1 to 8.3. 
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CHAPTER NINE 
AN INS STUDY OF WATER ADSORBED BY CALCIUM 
EXCHANGED TYPE-A ZEOLITE (ca6Al12si12o48 ) 
436 
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9.1 Introduction 
In this chapter we present the INS spectra (ca 20 to 850 
reasons for undertaking this work were two-fold. Firstly, it 
is known that the cation positions and sorption properties of 
A-type zeolites are strongly influenced by the presence of 
1 2 
adsorbed water. ' Since A-type zeolites are used industrially 
as separation agents for gaseous mixtures and for the removal 
of H2o and H2s from natural gas,
3
'
4 
an understanding of the 
nature of H20 adsorbed in these zeolites is important. Secondly, 
the calcium zeolite/adsorbed H2o system is one of the few for 
which the far IR spectrum has been published. 5 Bands due to 
some of the modes of adsorbed water relative to the zeolite 
5 
surface were reported in the far IR spectrum but these IR 
bands were of extremely low intensity (Section 9.7). Bearing 
in mind the different selection rules and intensities for bands 
in IR and INS spectra, we obtained the INS spectra of H2o 
adsorbed in calcium zeolite-A in order to identify the low 
frequency modes of the adsorbate which were not observed by 
5 IR spectroscopy. 
9.2 .Experimental 
The zeolite samples were Linde SA zeolite (supplied by 
B.D.H.), the composition being ca6Al12si12o48 according to 
the manufacturers. Hereafter we will refer to this zeolite 
as ca6A and will use the symbol e to denote the quantity, in 
The vacuum molecules per pseudo unit cell, of adsorbed H2o. 
dehydration of the zeolite and subsequent adsorption of H2o 
438 
were carried out using the techniques described in Chapter 
Four. Some experimental details are listed in Table 9.1. 
TABLE 9.1 Summary of experimental details for the INS spectra 
of H2o adsorbed by ca6Al12si12o48 zeolite 
Spectrometer 
temperature of 
INS run/K 
coverage 8/molecules 
H2o per pseudo unit cell 
% scattering from 
adsorbed H2o 
(oinc adsorbed H2o; 
a. zeolite) 1nc 
IN4 DIDO b. f. d. 
10 77 77 
2.5 3.9 5.9 
Note - a. These data were calculated using neutron scattering 
cross-sections 26 applicable to an incident neutron 
-1 
energy of 204 em . 
The t.o.f. spectra shown in this chapter were recorded 
on the IN4 spectrometer at the I.L.L., Grenoble, using an 
-1 incident neutron energy of 251 em Subtraction of flat 
baselines followed by the grouping of the data into equal 
-1 
energy bins of 4 em has been carried out for all the t.o.f. 
spectra, using the computer programs described in Chapter Six. 
The b.f.d. spectra presented in this chapter were obtained 
on the DIDO b.f.d. spectrometer at A.E.R.E., Harwell. 
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9.3 The X-ray structure of CaA zeolite 
The positions of Ca++ cations in ca6A zeolite depend 
upon the degree of hydration of the zeolite. The X-ray 
crystal structure of the fully hydrated zeolite has been 
published by Thoni 6 and that of the fully dehydrated zeolite 
. 
of Seff et az 7 and by Pluth et az. 8 Mortier et az 3 have 
used X-ray powder diffraction to study the structure at 
different states of hydration. The locations and populations 
++ 
of the Ca and H2o sites obtained by various groups of 
3 6-8 3 
workers ' are listed in Table 9.2. Mortier et aZ found 
that the populations in their ca6A samples of the Ca++ and 
H2o sites as estimated by X-ray diffraction showed slight 
++ discrepancies with the Ca and H2o contents as determined by 
elemental and thermogravimetric analyses, and with the corres-
pending single crystal results of Thoni. 6 The discrepancies 
arose from the difficulty in locating a multiplicity of 
crystallographic sites with low population factors by X-ray 
3 powder methods. 
In fully dehydrated Ca6All2Sil2048 (Table 9.2, col. 6) , 
seff et aZ 7 located a total of five ca++ ions per pseudo unit 
cell at S2 .. I S3 and S2* sites, each Ca++ ion being associated 
with three 0(3) atoms of the adjacent 6-oxygen ring. The 
Ca++ 7 sixth ion per pseudo unit cell was assigned by Seff et aZ 
to an off-centre position in the plane of the 8-oxygen ring. 
This ion was said to be easily displaced from the 8-oxygen ring 
site by adsorbed molecules. 7 However, Pluth et az 8 have 
7 
argued that the electron density attributed by Seff et aZ to 
a Ca++ ion near the centre of the 8-oxygen ring is in fact due 
to an impurity. From their results of an X-ray study of 
TABLE 9.2 The published site occupations of Ca++ ions and H2o molecules in Ca6All2Sil2048 
zeolite, obtained by X-ray diffraction 
Author Thoni 6 . l3 Mort1er et a Seff et al 7 Pluth et al 8 ~ 
Nature of zeolite 
single crystal powder single crystal single-~ sample 
'------
-------
--
Extent of hydration of fully hydrated fully hydrated partially partially fully dehydrated fully 
zeolite hydrated hydrated dehydrated 
Dehydration temp.,K - - 353 423 623b 
Species . d s1te site occupancy per pseudo-unit cell 
su 0.64 
8-0 ring e 1.0 
Ca ++ S2 
.; 
1.0 ca.l 
S2 3.0 3.76 7.04 6.08 1.0 
S2* 3.0 2.32 3.0 ca.4 ~ 
Sl 1.0 I 
" S2 3.04 
~20 S2*,A 10.56 5.68 
S2*,B 4.24 & 2.40 
S3 0.38 3.54 
delocalised 12.18 26.38 7.63 7.10 
++ 6.0 6.08 7.04 6.72 6.0 ca.5 
I 
Total no. Ca located 
Total no. H2o located 30.00 30.32 16.85 7.10 
- - -- ~-- -
Notes: (a) Sample compositian_Na0_ 5ea5.~11 _ 5si1~55o48 . (b) Dehydrated in vacuo at 623K to 5.0Xlo-6 torr 
Dehydrated in vacuo at 623K and l.OXlO torr for 1 day. (d) Zeolite nc:xta1clature due to (c) 
Barrer, ref. 9. (e) Cation located in the plane of an 8-ox:ygen ring but displaced from the centre ,j::. ,j::. 
0 of the ring. 
S2*, A denotes H2o rrolecules in the supercage coordinated to Ca ++ ions at either S2* or S2 sites. 
S2* ,B denotes B:20 at either of two sites deep in the supercage and not coordinated to ea++ ions. 
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crystals of fully dehydrated Na0 _5ca5 . 2Al 11 _12si12 _5o 48 , 
Pluth et aZ 8 have assigned all the Ca++ ions to 6-oxygen 
ring sites, approximately 4fs of the Ca++ ion population to 
S2* and l;s to S2~ (Table 9.2, col. 7Y. 
In the fully hydrated zeolites (Table 9.~, col. 2,3), 
the Ca++ ions at S2 and S2* sites remain bonded to the three 
0(3) atoms of the 6-oxygen rings but the cations at S2* in-
crease their coordination number to 6 by association with three 
. 0 3 6 H2o molecules located in the supercage (Ca-oH 2=2.45A). ' 
The Ca++ ions at S2 sites achieve a 4-fold coordination by 
bonding to one H2o molecule situated in the sodalite cavity 
0 3 6 (Ca-OH2=2.44A). ' In the single crystal result of Thoni
6 
(Table 9 • 2 1 col. 2) , the H2o molecules situated at S3 sites 
(adjacent to 4-oxygen rings in the supercage) are H-bonded to 
the zeolite framework while the delocalised H2o molecules 
correspond to an intrazeolitic liquid-like phase. In the 
results of Mortier for partially dehydrated ca6A zeolite (Table 
9.2, cols.4,5) the apparently delocalised H2o molecules were 
. d d t b b d d t . h c ++ . t h f k cons1 ere o e on e o elt er a 1ons or o t e ramewor , 
both of these types of site being occupied by H2o in numbers 
too small. to be precisely located by X-ray powder methods, and 
the concentration of intrazeolitic water present in a liquid-
like phase was held to be negligible.3 
On partially dehydrating ca6A to 423K such that the pseudo-
unit cell contains 7.10 molecules of H20 (Table 9.2, col.5) I 
the powder diffraction results show that Ca++ ions become 
·located at the centre of the sodalite cage (SU sites) and that 
. ++ 
the S2* sites are vacated by the Ca ions, principally in 
favour of the S2 sites. 3 Although none of the 7.10 H2o mole-
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cules (Table 9.2, col.S) could be located, Mortier et az3 
considered that the Ca++ ions at S2 sites were probably each 
coordinated by one H2o molecule. The degree of hydration of 
the Ca++ ions at the SU sites remained uncertain but the 
3 
authors pointed out that the SU cations must be hydrated to 
some extent in order to be stable at that position. 
Our INS samples of ca6A + H2o were prepared by fully 
dehydrating the zeolite and then adsorbing H2o (Section 9.2). 
The partially hydrated samples of ca6A used by Mortier et az
3 
in their X-ray work were prepared by partial dehydration of 
fully hydrated zeolites. We assume that these two routes to 
partially hydrated ca6A give the same result in terms of the 
locations and site occupancies of cations and H2o molecules. 
Thus, from the X-ray results of Mortier et az 3 (Table 9.2), 
the positions which are most likely to have. been occupied by 
the Ca++ .ions in our INS samples are those associated with 
the 6~oxygen rings and, possibly, the SU sites. 
9.4 Published n.m.r. studies of water adsorbed by ca6A zeolite 
Published n.m.r. datalO,ll and a thermal desorption 
12 
study of H2o adsorbed by ca6A zeolite showed that, in common 
with most zeolites, 1 there were three main types of intra-
zeolitic water. By the adsorption of successive doses of 
H20 in initially dehydrated ca6A, these types of adsorbed H2o 
11 
were shown by n.m.r. to be: 
a. H2o molecules of low mobility, associated with Ca++ ·ions 
held at particular lattice sites; 
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b. H2o molecules of intermediate mobility, hydrogen bonded 
to anionic regions of the alumino silicate framework both 
in the a and S cavities; 12 
c. H2o molecules of high mobility, exhibiting the same 
n.m.r. relaxation times as liquid water and not occupying 
definite lattice sites. 
We refer to the above three types of intrazeolitic water as 
types a, b and c respectively. At low coverages of H2o, only 
the type a was present, type b and later type c becoming evident 
on increasing the coverage. 
In zeolites NaA and NaX at 77K, the type c water exhibited 
n.m.r. , 1 h • , f • 1113 s1gna s c aracter1st1c o 1ce. 
9.5 The published low frequency vibrational data 
of adsorbed H2 o 
Our INS data of ca6A +H 2o (Section 9.6) extend from 
ca 20 to 850 cm-l and were obtained for a maximum coverage of 
ca one H2o molecule per Ca++ ion. For these coverages, the 
++ 
adsorbed water will be predominantly bonded to the Ca ions 
(Sections 9.3, 9.4) and the modes of the Ca-oH2 complex which 
are expected to occur in the above frequency range are the six 
hindered translations and rotations of the OH 2 moiety with 
respect to the zeolite surface. These modes are drawn in 
Figure 9 .1. 
In crystals of hydrated salts of metals, eg. [9a(OH 2) 6]cl2 
or in the aqueous solution of those salts, H2o may be coordinated 
via the 0 atom to the metal cation. Such coordinated H2o 
molecules undergo three librational and three hindered trans-
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Fig. 9.t The hindered translations and hindered rotations 
of H20 adsorbed in ca6-A zeolite. 
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lational modes which are analogous to those of H2o bonded 
to Ca++ ions in ca6A zeolite (Figure 9.1). There is general 
agreement in the literature14- 21 that the three librations of 
H2o in crystals and solutions of the aqua complexes of rnono-
val~nt and divalent metal cations occur in the range 350-900 crn~l 
-1 
and the tz mode at 300-450 ern . Bands due to the t and t 
. X y 
modes of the H2o ligands have not been identified but are ex-
-1 15,16 pected to occur below 200 ern . 
There has been some debate in the literature over the 
frequency order of the librational modes of coordinated watet~-16 
15 ·16 The subject has been reviewed by Adams et al ' who found 
that for rnonoaqua, diaqua and hexaqua complexes of divalent 
and trivalent metal cations, the frequency order was 
> T (>t ) • y z 
The frequency order was obtained by considering the dependence 
of the frequency of each mode on the charge/radius ratios of 
the cation and .anion, and from single crystal Raman and IR 
reflectivity studies. 15 , 16 As an example, in published INs18 
19 (293K) and IR spectra of [ca (oH 2 ) 6] c1 2 , bands observed at 
719, 656 and 480 crn-l were ascribed18 ' 19 to the librational 
The 719 Cffi-l band was specified18 ,l9 as T · y' 
the two remaining librational bands were not further assigned. 
. 18 19 -1 However, the ass1gnrnent ' T =719 ern was based on arguments y 
shown more recently to be incorrect by Adarns, 15 ' 16 and on the 
basis of the frequency order of the librational modes of co-
15 16 . 
ordinated water published by Adams, ' we reass1gn the 719, 
-1 656 and 480 ern bands to Tz and 
rnaining bands in the INS spectrum of 
T respectively. The re-y 
[ca (OH 2k] c~ were assigned18 
-1 to the tz mode of the coordinated H2o (380 ern ) and, at lower 
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frequencies, to vibrations of OH···Cl hydrogen bonds and to 
lattice modes. 
.. 21 
Rush et aZ have published INS spectra of crystals of 
polyaqua complexes of transition metal. ions, eg [co(OH 2 )6J(N03 ) 2 . 
~f the H20 ligands are strongly coordinated to the transition 
metal ion M, INS bands due. to H20-M-OH 2 deformation modes arise 
-1 
at ca 150 em , and hydrogen bonded species (OH···X, where X 
is an anion or the 0 atom of another H2o molecule) exhibit 
stretching and bending modes at ca 250-150 cm-l and ca 50 cm-1 , 
. . . 
respecti velT. 
22 Fuess et aZ have p~blished the INS spectrum of H2o 
molecules and two Na+ ions were located in each zeolite cavity. 
Each H2o molecule was H-bonded to the framework and coordinated 
+ to both Na ions,· forming a tetrahedral configuration around 
the 0 atom. INS bands at 702 cm-l (s) and 548 cm-l (vs) were 
assigned to the rocking (TY) and wagging (Tx) modes respectively 
o~ ~20 in natrolite and bands at 202 (w) , 145 (m) and 105 (w) 
cm-l were ascribed.to the hindered translational modes. 22 The 
Tz mode of.adsorbed H2o was not assigned. No reasons were 
given22 for the respective assignments of the T and T modes, X y 
which are in the reverse frequency order to that obtained by 
Adams et azlS,l 6 for aqua complexes. This disparity may arise 
from the difference in the coordination environment of H2o in 
natrolite and that commonly found for aqua complexes. 
23 In an early INS study, ~;E)gelstaff et a z observed modes 
due to H2o adsorbed in K-3A zeolite at 480, 200, 100 and 71 cm-l 
for a scattering angle of 20°. High coverages of H2o, ~21 
molecules per pseudo unit cell, were used. Although the INS 
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23 bands were not assigned by the authors, they did point out 
the existence of a torsional mode of liquid H2o close in fre-
quency to the 480 cm-l band. We note that the remaining bands 
have three likely origins: 1. hindered translational modes 
vibrations of hydrogen bonded linkages between 
H2o molecules or between H2o and the zeolite framework, and 
3. interactions between the admolecules and zeolite lattice 
modes. 
Water adsorbed in each of the zeolites analcime, 
chabazite24 and lanthanum exchanged zeolite-Y25 executes a 
-1 torsional mode in the frequency range 460 to 600 em , according 
to published INS studies. 
Moller et a~5 have published the far IR spectrum of H2o 
adsorbed in CaNaA zeolite which we will discuss in Section 9.7 
after ass~gning our INS spectra of ca6A + H2o in Section 9.6. 
9.6 Results - the INS spectra of H2o adsorbed by ca6A zeolite 
The t.o.f. spectra obtained at lOK of dehydrated ca6A 
zeolite and of H2o adsorbed on ca6A at a coverage of 8=2.5 
molecules per pseudo-unit cell are shown in Figures 9.2 and 
9.3 in terms of S(Q,w). Flat baselines have been subtracted 
from both curves in Figures 9.2 and 9.3; no f~rther subtraction 
was made from the deh~drated ca6A data. The data presented 
for ca6A + H2o .(Figures 9.2, 9.3) are difference spectra, the 
spectrum of the dehydrated zeolite having been subtracted. 
Figures 9.2 and 9.3 represent the sum of the data recorded for 
13 neutron detectors, covering an angular range of 47.2 degrees 
in the case of Figure 9.2 and 38.2 degrees for Figure 9.3. 
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The angles referred to in the headings are average scattering 
angles. The detectors were summed to improve the modest 
statistics of the data, but the momentum-transfer resolution 
is lost by this summation. Because of this loss of momentum-
transfer resolution, no curve fitting or band intensity calcul-
ations have been carried out for the t.o.f. spectra. We have 
presented the t.o.f. spectra in terms of S(Q,w) rather than the 
more usual . '.P(a, 8) because in these particular results (Figures 
9.2, 9.3), the INS features are more clearly observed in the 
S(Q,w) data. 
Below ca 40 cm-l the intensity of the dehydrated ca6A 
spectrum in Figures 9.2, 9.3, is greater than that of the 
ca6A + H2o difference spectrum. This is due to problems with 
the : ~ubtraction technique used to obtain the ca6A + H2o differ-
ence spectra. As the energy transfer approaches zero, the 
energy range corresponding to a given time-of-flight channel 
becomes increasingly wide. Also, the scattering intensity in 
general increases markedly as the elastic peak is approached. 
Thus at low energy transfers, the number of t-o-f channels is 
reduced and these channels contain high numbers of counts com-
pared.to those at greater energy transfers. Thus calculation 
of the difference spectra for ca6A +H2o in Figures 9.2, 9.3 
is subject to co:nsiderable error below 40 cm-l because of the 
subtraction of large numbers of similar magnitude. 
The t.o.f~ spectra of dehydrated ca6A (Figures 9.2, 9.3) 
show weak features at 140-145 cm- 1 • The only nucleus with a 
non-zero incoherent neutron scattering cross-section, o. , in lnC 
26 dehydrated ca6A zeolite is Ca, for which oinc = 0.5 barns. 
Although this is a low value of o. , we expect to be able to lnC 
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observe bands due to modes displacing Ca++ ions in dehydrated 
ca6A because spectra recorded on the IN4 spectrometer contain 
very small contributions from extraneous background radiation. 
We assign the 140-145 cm-l feature in the spectra of dehydrated 
ca6A zeolite (Figures 9.2, 9.3) to the stretching mode with 
respect to the zeolite framework of Ca++ ions at various sites, 
principally those associated with the 6-oxygen rings (Section 9.3). 
27 This assignment is consistent with the work of Angell et al 
and Zhanadov et az 28 who have ascribed bands in the range 300 
to 60 cm-l in the IR spectra of dehydrated zeolites to the 
stretching modes of the cations with respect to the zeolite 
29 . 
framework. In addition, Dyrkheev et al have assigned bands 
at 135 and 157 cm-1 in the IR spectrum of dehydrated CaNaX 
zeolite (0.66Ca0:0~31Na2o:l.OA1 2o3 :2.56Na2o) to vibrations of 
the Ca++ ions with respect to the zeolite skeleton. 
The t.o.f. spectra of ca6A + H2o at lOK (Figures 9.2, 9.3) 
show an intense, broad band with a maximum at 75 cm-l and which 
exhibits partially resolved structure up to 120 cm-1 . In the 
spectrum recorded at a scattering angle of 118.6° (Figure 9.3), 
the 75 cm-l band shows a shoulder at 88 cm-l On the basis 
-1 
of its low frequency, we assign the 75 em band in the ca6AfH 2o 
spectra (Figures 9.2, 9.3) to the tx and ty modes of H2o ad-
. ++ 
sorbed by Ca ions. The tx and ty modes are degenerate for 
an H2o molecule 0-bonded to a Ca++ cation at a ·site such as 
* SU, S2 or S2 , these sites being considered to be the most 
probable cation locations in our ca6A +H 2o samples (Section 9.3). 
Thus the width and partially resolved structure of the 75 cm-l 
band in the ca6A +H2o spectra (Figures 9.2, 9.3) indicate that 
11 h ++ . 1 f d t h t e Ca -OHlsorpt1on comp exes are orme a more t an one 
:;;;:? 
cation site. 
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Above 120 cm- 1 , the ca6A +H2o t.o.f. spectra (Figures 
9.2, 9.3) show no resolved bands but there is an overall in-
crease in scattering intensity compared to the spectra of the 
dehydrated zeolite. The stretching modes of cations with 
respect to the zeolite framework are in general found to shift 
to lower frequencies when the cation becomes complexed to an 
.27 28 
admolecule. ' Thus the increase in intensity in the 145-
120 cm-l in our t.o.f. spectra of ca6A on the adsorption of 
water (Figures 9.2, 9.3) is ascribed to the stretching modes 
++ 
with respect to the zeolite framework of Ca OH 2 species at 
various sites. This region of the ca6A + H2o spectra (Figures 
9.2, 9.3) will also contain some intensity from the first over-
tone.of the tx and ty modes of adsorbed H2o (fundamentals at 
-1 75 .em ) • 
The b.f.d. spectrum at 77K of dehydrated ca6A zeolite 
shows considerable structure (Figure 9.4). It is our experience 
that spectra recorded on the DIDO b.f.d. spectrometer suffer 
from high and apparently structured backgrounds, due to imper-
feet shielding and the location of the spectrometer in a re-
actor shell where the level of background radiation is neither 
negligible nor constant. In addition, because dehydrated 
ca6A zeolite has a small incoherent neutron scattering cross-
section (see above) and because no background has been sub-
tracted from the spectrum, the features in Figure 9.4 are 
ascribed to variations in the spectrometer background. 
The b.f.d. spectra (77K) of H2o adsorbed by ca6A zeolite 
are shown in Figures 9.5 and 9.6 for coverages of 3.9 and 5.9 
molecules per pseudo unit-cell respectively. These are differ-
ence spectra, the spectrum of the dehydrated zeolite, i.e. 
("'') 
l.{) 
""' 
Fig. 9.4 Beryllium filter detector (DIDO b.f.d.) spectrum (77K) of dehydrated ca6A zeolite, with 
no background subtracted. 
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Figure 9.4, having been subtracted. Above 400 cm-1 , the 
statistics of the data in Figures 9.5 and 9.6 are modest and 
the band frequencies indicated on these spectra must be regarded 
as approximate. The features labelled "R" in Figure 9.6 are 
too narrow to be due to modes of adsorbed H2o or of the zeolite 
lattice and are spurious effects, probably arising from rapid 
changes in the neutron background in the reactor shell during 
the recording of a particular scan. 
-1 Below 400 em in the b.f.d. spectra of ca6A +H2o 
(Figures 9 .. 5, 9.6), an intense band is observed at 100 cm-l 
along with several slightly weaker features up to 240 cm-l 
We assign the 100 cm-l band (Figures 9.5, 9.6) to the degenerate 
tx and ty modes of H2o·adsorbed by Ca++ ions since the single 
intense band in the ca6A +H 2o t.o.f. spectra (Figures 9.2, 9.3): 
was assigned to this mode. Because the b.f.d. spectra of 
ca6A +H 2o .(Figures 9.5, 9.6) correspon~ to coverages of no c.._~-~~? 
more than ca one H2o molecule per pseudo unit-cell, we consider 
it unlikely that the features in these spectra in the range 
126 to 240 cm-l arise from modes of H2o held by hydrogen-bonding 
to anionic.regions of the zeolite framework or from Ca++(oH2)n 
species, .where n>l. -1 The features from 126 to 240 em in the 
ca6A + H2o b.f.d. spectra (Figures 9.5, 9.6) we assign to 
zeolite latt~ce modes involving displacements of the H2o ad-
molecules. 
The difference in the H2o coverage notwithstanding, the 
features in the IN4 t.o.f. and DIDO b.f.d. spectra of ca6A+H 2o 
do not correspond closely (Figures 9.2, 9.3 and 9.5, 9.6 res-
pecti vely) . This has been observed in the spectra of other 
zeolite-plus-adsorbate samples, eg Chapter Six, and may be re-
lated to the different backgrounds for the two spectrometers. 
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-1 Above 400 em , the b.f.d. spectrum of ca6A + H2o at 
the lower coverage (6 = 3.9, Figure 9.5) shows bands at 546, 
684 and 774 cm-l which we ascribe to the three librational 
modes of water adsorbed by Ca++ ions, following the work of 
Adams and others. 15- 21 Compared to the lower coverage b.f.d. 
results (Figure 9.5),the statistics of the data above 400 cm-l 
are better .in the higher coverage b.f.d. spectrum of ca6A+H 2o 
(6 = 5.9, Figure 9.6) and are sufficient to show that there are 
more than three bands in the region of the torsional modes of 
- . . -1 
adsorbed H2o (ie 513 to 797 em ) . This indicates the occup-
ation of more than one adsorption site by H2o for both b.f.d. 
spectra of ca6A + H2o (Figures 9.5, 9.6) and is consistent with 
the interp~etation of the t.o.f. spectra of ca6A + H2o (6 = 2.5, 
Figures 9.2, .9.3). The apparent frequency shift of the tor-
sional modes in the b.f.d. spectra (Figures 9.5, 9.6) on in-
creasing the H2o coverage is not significant, given the accuracy 
to which the band maxima can be determined in these spectra~ 
.The b.f.d. spectra (Figures 9.5, 9.6) represent S(Q,w) 
against incident neutron energy, and from Chapter Two the 
relative INS band intensities, I, in these spectra from the 
hindered translational and torsional modes of adsorbed H2o 
are given within the harmonic approximation by: 
I OC 
2 'V Q Z(v) exp(B/2) 
. ·"' . exp (-2WL) . ~-v 2sinh(s/2) ( 9. 1) 
where -
11o is the momentum transfer during the scattering process; 
'\, -Z(~) is the vibrational density of states; 
~ is t~e r~duced mass of the oscillator, 
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~ is th~ frequency of the mode (cm-1 ) ; 
exp(-2WL) is a Debye-Waller factor, and 
B = hc~/(K~T) where c is the velocity of light (em s-1 ), 
KB is Boltz.mann' s constant and T the absolute temperature.· 
Equation 9.1 applies to fundamental modes and in principle 
could be used to distinguish between the three librational modes 
of adsorbed H2o. Unfortunately, the Debye-Waller factor, 
which in general is mode-depende'nt, cannot be estimated from 
the b.f.d. spectra of ca6A + H2o (Figures 9.5, 9.6) because 
there is no Q-resolution. Thus we set the Debye-Waller factor 
equal to unity when using equation 9.1 to calculate the relative 
INS band intensities for all modes of H2o with respect to the 
zeolite framework. W h . h 1' . ++ e assume t at 1n t e zeo 1t1c Ca -OH 2 
sorption complex, all four atoms lie in the same plane and the 
. Ca-0 bond is along the bisector of the lone pair orbitals of 
the oxygen atom. Making the further assumption that the H-0 
0 
bond length for H2o adsorbed by ca6A zeolite is 0.95A and the 
0 30 31 H-0-H bond angle is 113 , which are the values reported ' 
in a neutron diffraction study of CaHAso 4 .H2o, we obtain 
relative values for the ~-l term in equation 9.1 for the Tx' 
d d f . t 1' ++ f 94 9 8 d 1 TY an Tz mo es o 1n razeo 1te Ca -OH 2 o 0. , 0. an .0, 
respectively, in arbitary units. -1 These values of ~ are too 
similar.to enable equation 9.1 to be used to decide how the 
Tx' Ty and TZ modes of H20 adsorbed by Ca6A zeolite should be 
assigned to the three bands, at 546, 684 and 774 cm-1 , in 
Figure 9.5. The assumed bond length and bond angle.given 
above fqr H2o adsorbed in ca6A were chosen only to illustrate 
-1 the similarity in the magnitude of the ~ terms of the T modes 
and may be quite different to the true bond parameters. It is 
reported32 that gross deviations from ideal values in the bond 
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angles and bond lengths are the rule for H2o in hydrates. 
Estimation of the relative INS intensity of the librational 
modes of H2o in Figure 9.5 is further complicated by the 
possible occupation of more than one adsorption site. To 
summarise, we cannot distinguish between the three torsional 
modes of H2o adsorbed in ca6A using the INS spectrum (Figure 
9. 5) alone. Based solely on the frequency order published by 
\ 
Adams15 ' 16 for the librational modes of H2o coordinated to 
cations in hydrated salts, we assign the band in Figure 9.5 
-1 . -1 -1 
at 546 em to Ty' at 684 em to T2 and at 774 em to T • X 
Thus far, five of the six modes relative to the zeolite 
surface of H2o adsorbed by ca6A have been assigned in our INS 
spectra, leaving the tz mode unassigned. In [Ca(OH2 ) 6]cl2 , 
this mode occurs18 at 380 cm- 1 , and anticipating Section 9.7, 
the far IR data of Moller et az 5 suggest it arises at 444 cm~1 
for H2o adsorbed by A CaNaA zeolite. Although there is no 
band resolved at this frequency in our b.f.d. spectra of 
ca6A +H2o (Figures 9.5, 9.6), we speculate that the tz mode 
of H20 adsorbed by ca6A does occur at 444 cm-
1
• Using equation 
9.1, we calculate the relative INS intensities expedted for the 
t and T modes of H20 in our b.f.d. spectra of ca6A+H2o (Figures 
9.5, 9.6) and the results are listed in Table 9.3. The predicted 
intensity (Table 9.3) for a putative tz mode at 444 cm~ 1 is low, 
because of its small value of (~w)-l in equation 9.1, and this is 
consistent with the non-observation of a band ascribable to t in 
z 
Figures 9.5 and 9.6. However, the results of the calculations in 
Table 9.3 must be treated with some caution since the difference 
in the calculated intensity of the t mode and the combined 
z 
calculated intensity of the degen·erate tx and ty modes is not 
great, and is inconsistent with the large observed intensity 
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TABLE 9.3 Calculated relative INS band intensities in a 
b.f.d.· spectrum fo·r the modes with respect to 
the zeolite surface of H2o adsorbed in ca6A zeolite 
frequency 
-1 calculated relative 
mode cm-1 ].l Z ( w) INS band intensity, 
(Fig.9.5) S(Q,w) 
t -and t 100 0.11 2 2.4 x- y 
tz 444a 0.11 l l.O 
T 546 0.98 l 8.8 y 
T 684 1.00 l 9.0 
z 
T 774 0.94 l 8.5 
X 
Notes -
The relative intensities were calculated using equation 9.1, 
setting the Debye-Waller factor equal to unity for all the modes 
and using the approximation that o2 = ki ~· ·~where kf is the 
magnitude of the wave-vector of the scattered neutron. 
Z (.w) and J.l-l are terms in equation 9 .l. 
a. The frequency of 444 cm-l is that proposed from the 
5 published IR data of CaNaA +H2o (Section 9.7); this 
band was not observed in our INS data. 
of the 100 cm-l band assigned to the t and t modes in X y 
Figures 9.5 and 9.6. The discrepancy between the observed 
and calculated intensities may be related to the approximation 
that the Debye-Waller factor in equation 9.1 is equal to unity ,, 
for all modes of adsorbed H2o. 
The assignments of our t.o.f. and b.f.d. spectra of 
ca6A + H2o are summarised in Table 9.4. 
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TABLE 9.4 Surrunary of the bands (cm-l) observed in the INS 
.spectra of H2o adsorbed by ca6A zeolite and 
those reported for cca ( OH 2 ) 6] Cl2 
Sample 
Spectrometer 
Tetrperature, K 
Spectrum 
6=2.5 
IN4 
10 
t;.ig.9. 3 
DIDO b. f. d. 
77 
Fig.9.5 
6=5.9 
DIDO b.f.d 
77 
Fig.9.6 
from ref.l8 
(INS) 
293 
-1 band, em 
assignment 
=============== ====================~========== ================: 
tx and ty of 
H2o at various 
sites 
zeolite lattice 
modes involving 
displacements of 
Notes: 
75) 
) 
88) 
160 
100 
126 
143 
160 
228 
546 
684 
774 
100 
130 
160 
240 
(513 
( 
(582 
(645 
( 
(680 
(727 
(797 
6 = coverage of H2o in molecules per supercage. 
80) 
) lattice 
100) 
) modes 
136) 
192) 
) v ( OH · · · Cl) 
240) s 
380 tz (H 2o) 
480 •y(H20) 
a 
656 T Z (H 20) 
a 
719bT x(H20)a 
a. Our assignments. The remaining assignments in this column 
are taken from ref. 18. 
b. This band was not resolved in the INS spectruml8 but was 
observed in the IR by I. Gamo.l9 
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Finally, we note that the b.f.d. spectra published33 , 34 
for ice Ic show bands at 120, 210, 290, 645 (very intense) 
and 830 cm-l These frequencies do not correspond with those 
observed in our b.f.d. and t.o.f. spectra (Figures 9.2-9.3, 
9.5, 9.6) of ca6A +H 2o and thus provide evidence that our 
INS spectra show. modes of adsorbed, rather than solid, H2o. 
9 .. 7 The published far IR spectrum .of H2o adsorbed by 
a CaNaA zeolite 
Moller et al, 5 have obtained the far IR spectrum of 
water adsorbed by partially Ca++ ion-exchanged zeolite A. 
The exact composition of the zeolite was not stated5 and 
we shall refer to it as CaNaA. The far IR spectra of 
CaNaA +H 2o are shown in Figure 9.7 and, for a coverage of 
4 H2o molecules per pseudo-unit cell, weak bands ascribed 
to adsorbed water were observed5 at 71 and 444 cm-1 . The 
444 cm-l band was assigned to a singly degenerate mode involving 
displacement of H2o perpendicular to the surface and the 71 cm-
1 
band to a doubly degenerate mode involving displacements of 
5 H2o parallel to the surface . t "f" d
5 h th It was no spec1 1e w e er 
these modes were hindered translations or rotations. Because 
of its low frequency, we note that the 71 cm-l band in the 
CaNaA +H 2o spectrum (Figure 9.7) is likely to have arisen from 
the degenerate t and t modes of H2o. X y From the assignments 
due to Mol·ler et az5 , the 444 em -l band could have arisen from 
the t , ' or ' modes (Figure 9.1). By comparison with the Z y X 
. 18 19 rr J publ1shed ' spectra of L.Ca ( OH2) 6 c12, in which we .have proposed that 
-1 
the tz~ 'y and 'x modei occurred at 380, 480 and 719 em , 
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Fig. 9•7 The far IR spectra of water adsorbed by NaCaA zeolite 
. . 5 
published by l'vloller et al • 
T T 
% 'l'. 
60 90 A 
50 60 
40 70 
30 60 
20 50 
10 t 60 ~ c 
71 "[ 
IS 
:/ 
't 60 0500 340 60 60 
cm-r· 
A: cover~ge 9 = 8 H2o molecules per pseudo-unit cell. 
B: coverage 9 = 4 H2o molecules per pseudo-unit cell. 
C: fully dehydrated CaNaA zeolite. 
The sample was in a nujol suspension 
. 5 
discs. The spectra were compensated 
polyethylene. 
between two polyethylene 
for the 73 cm-1 band of 
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the 444 cm-l band in the CaNaA +H2o spectrum (Figure 9.7) 
is unlikely to be due to T • X We prefer the assignment of 
the 444 cm-l band to tz since in our INS spectra of ca6A+H 2o 
(Section 9.6), the T mode was assigned to a band at 546 em-land 
. y 
·although.thetz mode remained unassigned, although it was expected 
to occur at a frequency lower than that of T from the work y 
15,16( . ) 
of Adams Sect1on 9.5 . 
9.8 Conclusions 
We have obtained the INS spectra of H2o adsorbed in 
ca6A zeolite for coverages, 8, of ca one H2o molecule per 
Ca++ ion or less. For a coverage of 8 = 3.9, broad INS bands 
were observed, centred at 774, 684 and 546 cm-1 , and were 
++ 
assigned to the T , T and T modes respectively of a Ca -OH 2 X Z Y 
sorption complex. A broad INS band centred at 75 cm-l in 
the t.o.£. spectra of ca6A +H2o (8 =2.5) was assigned to the 
d t t d t d f . t 1 . . C ++ Th egenera e x an y mo es o 1n razeo 1t1c a -OH2 • e 
width of the INS bands suggests that the H2o is adsorbed at 
. ++ 3 6-8 
several Ca ion sites, which from published X-ray data, ' 
are those associated with the 6-oxygen rings and, possibly, the 
SU sites. The observation and assignment of the 75 cm-l band 
in our ca6A + H2o INS spectra was consistent with the assignment 
.. 5 1 
by Moller et aZ of a weak feature at 71 em- in the far IR 
spectrum of CaNaA + H2o. We were unable to oqserve any INS 
band ascribable to the tz mode of H2o adsorbed by ca6A and 
calculations suggest that the INS intensity of such a band 
would be low. By comparison with the far .IR spectrum of 
. 5 CaNaA + H2o reported by Moller et aZ ' it is possible that this 
mode occurs at ca 444 cm-l for H2o adsorbed by Ca6A zeolite. 
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CHAPTER TEN 
AN I. N. S. STUDY OF HYDROGEN ADSORBED BY zn (II) 
PARTIALLY ION-EXCHANGED ZEOLITE TYPE-A 
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10.1 Introduction 
Throughout this chapter, we use "hydrogen" to mean 
either the 1H nucleus or the 1H2 molecule. 
The adsorption of H2 by zeolites is of interest through 
the industrial applications of H2 activation in catalysis, eg 
in the hydrocracking of crude oils, 1 and in the development 
of energy storage systems. An example of the latter is the 
encapsulation of H2 to 0.76% weight in CsNaA zeolite at 473K 
2 
and 8700 /psi reported by Fraenkel. 
-1 We have obtained the INS spectra (10 to 210 em ) at 
lOK of H2 adsorbed by partially Zn(II) exchanged type-A zeolite. 
The spectra, discussed below, show bands at energies of the 
order of a few rotational constant of the H2 molecule and 
therefore are interpreted (Section 10.5) as arising from tran-
sitions between rotational energy levels of non-dissociatively 
adsorbed H2 . That the H2 does not dissociate on adsorption 
is in agreement with volumetric studies of H2 and D2 adsorption 
on Zn-A zeolite published by Kochurikhin et aZ-. 3- 6 These 
Russian workers 6 have predicted model-dependent vibrational 
frequencies for the modes of H2 adsorbed by Zn-A (Section 
10. 4. 4) . Our rationale for undertaking this present work 
was to test these predictions. 
In the gas phase, the rotational constant, B, of H2 is
7 
60.809 cm-l and we assume that this value_ is also applicable 
to solid H2 and to H2 adsorbed in the zeolites discussed in 
this chapter. 
In the literature, the early theoretical models of H2 
molecularly adsorbed at various surfaces led to inaccurate 
predictions for some of the observable properties of the ad-
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8-10 
sorbate-adsorbent system. . 11-13 Recently publ1shed models 
are potentially more accurate but are based upon more parameters 
than can be uniquely determined from published experimental data. 
Both types of model are discussed below (Section 10.4). 
Our study of the ZnNaA+H 2 system presented in this 
·chapter has been only partially completed owing to a lack of 
available neutron beam time. Because of the limited amount 
of information available from our INS spectra of ZnNaA+H2 , we 
will adopt in this chapter a somewhat simplistic model of the 
adsorbed H2 (Section 10.5). The limitations of our model 
will be indicated and an outline of how the model might be 
improved will be given (Section 10.6). The results reported 
in this chapter are to be regarded as preliminary to the more 
extensive experimental and theoretical investigation which is 
proposed (Section 10.6). 
10 .1.1 The Nuclear spin state·s of dihydroqen 
It is well known that the hydrogen molecule exists 
in two forms, depending on the alignment of the nuclear spins. 14 
Hydrogen molecules with anti-parallel nuclear spins constitute 
para-hydrogen and those with parallel nuclear spins constitute 
ortho-hydrogen. Hydrogen nuclei are fermions and thus, according 
to the Pauli Exclusion Principle, the overall wavefunction of 
the hydrogen molecule must change sign when the two nuclei are 
interchanged. Since a rotation of the molecule does indeed 
interchange the nuclei, the nuclear spin, I, of the molecule 
controls the allowed molecular rotational energy levels. Using 
the integer J as a quantum number to label the energy levels 
of a free, linear, rigid rotor, it can be shown that15 para-
hydrogen (I=O) occupies only rotational levels of even J 
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(including J=O) and ortho-hydrogen (I=l) exists only in 
odd-J states. 
In the literature, a common model for associatively 
adsorbed H2 is that of a rigid rotor confined to rotation in 
8-10 
a plane. It is therefore pertinent to recall that the 
energy levels, Em' of a 2-dimensional rigid rotor are given14 
by: 
E = 
m 
2 
m B, m = 0, ±1, ±2, ±3, 
where the rotational constant B is given by 
B = 
and I is the moment of inertia of the molecule about its 
axis of rotation. When restricted to rotations in a plane, 
ortho-H 2 occupies the states of even m and para-H2 the states 
of odd m. 
The ratio of ortho- and para-H2 concentrations in gaseous 
H2 at room temperature is 2.98:1, approaching the high temper-
ature limit of 3:1. 16 On cooling in the absence of a catalyst 
to below liquid nitrogen temperatures, the ortho-H2 molecules 
descend to the lowest ortho state, J=l, while the para-H2 
molecules descend to the J=O level. This metastable condition 
may be retained for months; 14 at thermodynamic equilibrium 
almost all the molecules would occupy the J=O state. 
In liquid and solid hydrogen the distinction between the 
ortho- and para- modifications is maintained. The conversion 
rate to para-H 2 is about 0.7% per hour at 20K in normal liquid 
17 hydrogen. It is therefore possible to carry out INS experi-
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ments of a day's duration on H2 samples containing a significant 
concentration of ortho-H2 at temperatures below the boiling 
point of H2 (20.4K). 
Conversion of the ortho- to the para- states of gas phase 
13 H2 is catalysted by paramagnetic gases. Heterogeneous 
catalysts is achieved by paramagnetic ions in solution and 
by adsorption of H2 at low temperatures at surfaces impregnated 
with paramagnetic materials, such as finely divided Al 2o3 
d d 'th F 0 C 0 13,18,19 ope w1 e 2 3 or r 2 3 . It has also been demons-
trated that ortho-H2 is adsorbed preferentially to para-H2 
at surfaces containing no paramagnetic substances, eg activated 
h 1 2o _ . 0 8 c arcoa or 1T1 2 . On these adsorbents, there is no con-
version between the spin states of the adsorbed H2 molecules.
21 
Almost pure samples of ortho-H2 can be prepared by successive 
adsorption-desorption cycles. The stronger adsorption of 
ortho-H2 (the I=l state) may result from interaction of its 
22 
electrical quadrupole with the surface; para-H2 (the I=O 
state) has a zero quadrupole moment. The ortho and para 
modifications of deuterium may be separated by the same method, 
13,19 
the I=l state, para-D2 , being the more strongly adsorbed. 
It is also possible to separate the four components of an 
H /D . t 19 2 2 m1x ure. 
In the literature, the preferential adsorption of ortho-H2 
over para-H 2 is generally studied by one of two techniques: 
measurement of separation factors (see below) and, less commonly. 
INS. Both methods allow model potential functions of the 
adsorbate-adsorbent interaction to be tested. 
473 
10.2 Experimental 
A zeolite of composition zn 4 _5Na 3 _0Ali 2 . 5si11. 5o48 , 
hereafter referred to as ZnNaA, was produced by the following 
method. Linde 4A zeolite (supplied by B.D.H.) was ion-
exchanged in a solution (0.1~) of znc1 2 (B.D.H. S.L.R.) for 
one week, the volume of solution being chosen such that it 
contained the stoichiometric amount of Zn(II) ions calculated 
to be necessary to produce the required degree of ion-exchange. 
The exchange was stopped after one week and the sample analysed 
whereupon it was found that less than the required degree of 
ion-exchange had been achieved. The zeolite was re-exchanged 
in a fresh solution of znc1 2 (O.lM), the volume of which was 
such that it contained the stoichiometric amount of Zn(II) ions 
required to make up the difference between the attained and 
desired degree of ion-exchange. The second exchange produced 
the required degree of ion-exchange after one week. 
Both exchanges were carried out at room temperature. The 
ZnNaA was dehydrated using the method given in Chapter Four. 
Hydrogen gas (99.9995%, Masonlite, Catham, Kent) was 
adsorbed by the ZnNaA using the technique described in Chapter 
Four. The zeolite was first exposed to 25 torr H2 at room 
temperature (292.5K) but no measurable uptake of H2 occurred. 
On cooling the sample to 77K, the adsorption took place readily. 
Further experimental details are summarised in Table 10.1 
The t.o.f. spectra reported in this chapter were obtained 
/ 
on the IN4 spectrometer at the I.L.L., Grenoble, using an 
-1 incident neutron energy of 251 em Flat baselines were sub-
tracted from the t.o.f. spectra, the data points then being 
grouped into equal energy bins. Where appropriate, Gaussian 
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curves were fitted to the data. The necessary calculations 
w~re carried out using the computer programs described in 
Chapter Six. 
TABLE 10.1 Summary of experimental details for the INS 
spectra of H2 .ads.orbed by ZnNaA 
temperature of INS run/K 
coverage/molecules H2 per supercage 
maximum overpressurea during 
adsorption/torr 
residual H2 overpressurea in 
sample can/torr 
% scattering from adsorbed H2 
a. adsorbed·H 2 1nc 
a. zeolite lnC 
10 
1.1 
323 
16 
9.4 
32 
Note a: The adsorption of H2 was carried out with the 
zeolite at 77K. 
10.3 The crystal structure of partially Zn(II) ion-
exchanged zeolite A 
The crystal structure of dehydrated zn 4 _5Na 3 . 0Al12 . 5si11 . 5 
o48 as used in our INS experiments has not been published. 
23 However, Seff et aL have reported the X-ray crystal structure 
of partially dehydrated zn 5Na2si12Al12o48 . It was shown
23 
that three Zn(II) ions per pseudo unit cell were located in 
the a-cage, each on the 3-fold axis of a zeolite 6-oxygen ring 
and tetrahedrally coordinated to three framework 0 atoms and 
one H2o molecule. Such a coordination environment is illustrated 
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in Fig. 10.1. The remaining two Zn(II) ions per pseudo 
unit cell also lay on 3-fold axes of 6-oxygen rings but were 
displaced into a sodalite unit and bridged by a single H2o 
molecule. The Na(I) ions were associated with the 8-oxygen 
rings. 23 It is reasonable to suppose that the Zn(II) ions 
in our sample of dehyrated ZnNaA also lie on the 3-fold axes 
of the 6-oxygen rings. 
\ 
Although Seff et al reported that it was impossible to 
fully dehydrate their crystal of . ~~ 5N~2A 23 and other crystals 
of partially24 and fully 25 Zn(II) ion-exchanged A-type zeolites, 
it is likely that our INS sample of ZnNaA was completely de-
hydrated. On the basis of the loss, during the dehydration 
of a sample of ZnNaA under conditions very similar to those 
used for our INS sample, of infrared bands assigned to the v 0 
mode of adsorbed water at 1655 cm-1 , other workers 26 have shown 
that complete dehydration of ZnNaA zeolite is in fact possible. 
There is no evidence that water makes any contribution to our 
INS spectra of ZnNaA/H 2 (Sectionl9.5). 
• u The d1fference between the ease of dehydration of our 
23-25 
samples and those of Seff probably arises from the different 
experimental conditions. Firstly, the X-ray crystals, typic-
ally cubes 80~m on edge, were larger than the particles of our 
. 27 
powder sample (5.0 to 0.5~m for Linde 4A ) . Secondly, the 
X-ray samples were dehydrated while being contained in a 
capillary tube connected to a vacuum system. Given the narrow-
ness of a capillary tube, the pumping speed above the crystals 
was probably quite low. 
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Fig. 10.1 The ~ualitative positions adopted by ~he 
Zn(II) ions at S2~ sites in partially dehydrated 
zn5Na2-A zeolite, after ref. 24. 
ex-CAVITY ·soDALITE CAVITY 
J 
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10.4 Literature relevant to the differential adsorption 
of the ortho and para rriodif'ications of hydrogen 
10.4.1 The separation facto4 F 
The extent of the preferential adsorption of 
ortho-H 2 compared with para-H2 at a surface may be measured 
by a separation factor, F, defined thus: 13 
F = (10.1) ([p-H2 ]/[cr-H2 ]} adsorbed phase 
The separation factor for deuterium is given by13 
F = ( 10. 2) ([cr-D2 ]/~p-D2 ]} adsorbed phase 
-=--
An H2 molecule in the gas phase has three degrees of trans-
lational freedom and two degrees of rotational freedom. The 
valu.e of F depends on the extent to which these degrees of 
freedom become hindered when H2 is held at a surface. In 
many published studies of adsorbed H2 (see below), the experi-
mental values of F are compared with those calculated via 
molecular partition functions for various models of the ad-
sorbate. The possible hindered modes of adsorbed H2 are shown 
in Fig~ 10.2, in which the surface of the adsorbent is taken 
to be parallel to the xy-plane and the z-direction is normal 
to the surface. 
8 In an early paper, Sandler showed that experimental 
separation factors measured at liquid nitrogen temperatures could 
be predicted by models in which the molecule on adsorption lost 
its rotational but retained its translational degrees of freedom. 
However, the Sandler models failed to correctly predict the 
values of separation factors observed at liquid hydrogen 
8,9 
temperatures. 
co 
r-
~ 
Fig. 10.2 The possible hindered translational and torsional modes of adsorbed H2 . 
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Further analysis of the problem of separation factors 
9 10 
was given by White and Lassettre, and also by Evett, who 
considered that the admolecule was a free rotor in the xy-
plane while rotation about the y-axis was said to be restricted 
by a barrier of height C (Fig.l0.2). The adsorption was 
assumed to be non-localised. 9 10 In these analyses, ' only 
the tz and 'y modes of the admolecule were said to be perturbed 
by the surface, those degrees of freedom whose loss would give 
rise to the t , t and T modes being retained by the molecule X y Z 
on adsorption (Fig. 10.2). Taking z to be the distance of 
the centre of mass of the molecule from the adsorbent and 
(0~6~TI) to be the angle between the molecular and z-aXeS 
(Fig. 10.2), the adsorbent-adsorbate potential V was written9 ' 10 
as a function of z and 6 only: 
2 V(z,cos 6) = ,V (z ,0) + C2 (l+cos26) + K(z-z )
2 
0 0 0 
( 10. 3) 
where V
0
, C and K are constants and z 0 is the equilibrium 
distance of the molecule above the surface. It was assumed 
that z~ was greater than the radius of gyration of the H2 
molecule. about the y-axis (Fig.l0.2). Equation 10.3 neglects 
any interaction between the hindered rotations and vibrations 
and gives, via the Schrodinger equation, the energy levels of 
a simple harmonic oscillator (t mode) upon which are super-
z 
imposed the energy levels pertaining to the hindered rotation 
about the y-axis (,i mode, Fig.l0.2). The separation of the 
rotational energy levels depends on the sign and the magnitude 
of the barrier height, c. For a zero value of C (equation 
10.3) the molecule undergoes free rotation about they-axis 
(Fig.l0.2). At sufficiently large values of C the 'y mode 
becomes torsional in character. If C is positive the torsional 
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oscillator attains minimum energy when it lies parallel to 
the surface and if C is negative the equilibrium orientation 
is perpendicular to the surface. We shall refer to the case 
of positive C as the TIP model (for ~orsion in the xy-Qlane) 
and that of negative C as the TOP model (for torsion out of the 
xy-Qlane) . Values of the separation factor calculated by 
White and Lassettre9 within the TIP model gave better agree-
ment than the TOP model with the experimental separation factor 
. 18 19 
of F=l6 obtained by Cunn1ngham et aZ ' for H2 adsorption on 
Al 2o3 doped with paramagnetic oxides (Fe 2o3 and cr2o3) and 
with the observed value of F'=2.4 for n2 adsorption on un-
, 9 doped Al 2o3 .. Accordingly, White and Lassettre regarded the 
TOP model for H2 adsorbed on doped and undoped Al 2o3 as unlikely. 
In the TIP model, the barrier height C was calculated to be 
9.83kJ/mole for.H 2 on doped Al 2o3 and 3.64kJ/mole for n2 on 
However, these barrier heights are slightly 
too large to be consistent with thei~oo~eric heat of adsorption 
13 
of H2 , which is ca 6 to 8kJ/mole on these Al 2o3 surfaces. 
11 12 It has been shown by Evett and by MacRury and Sams 
that the discrepancy between the values of the barrier height 
C and the heat of adsorption can be resolved by considering 
that both rotational modes of the admolecule are hindered, 
unlike the White and Lassettre9 model in which the Tz mode is 
considered to be a free rotation. The existence of a barrier 
to rotation in the xy-plane implies that the adsorption is 
localised and the free translation of the admolecule is replaced 
12 in the MacRury and Sams model by tx and ty vibrational modes. 
MacRury and Sams 12 considered that the rotations of the adsorbate 
in both planes (Fig.l0.2) were each hindereq by 2-fold barriers, 
the barrier height to rotation in the xy-plane being 2~ and 
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the barriers to rotation out of the xy-plane being A. The 
rotational energy levels of the admolecule were calculated 
using the Hamiltonian: 
2 Acos 8 2~(1-cos28) 
where H0 is the Hamiltonian of a linear free rotor and 8 is 
the angle between a plane passing through the z-axis (Fig.l0.2) 
and the H2 molecular axis and a reference plane passing through 
the z-axis. The unperturbed energy levels are given by 
BJ(J+l) and the combined effects of the barriers to rotation, 
A and 2~, is to lower the (2J+l)-fold degeneracy of each 
rotational level into (2J+l) sublevels, the magnitude of the 
splitting between the sublevels depending on the values of A 
and 2~. It was shown13 that various combinations ·of A and 
2~ led to the same value of the separation factor F at a 
particular temperature. For example, the value of F=l6 measured 
by Cunningham et az18 for the doped Al 2o3;H2 system at 20.4K 
could be reproduced by taking A=0.7 and 2~ = 2.8kJ/mole or by 
taking A = 7.3 and 2~ = 0.6kJ/mole. According to McRury and 
. 13 
Sams, the range of possible values of A and 2~ could be re-
duced by comparing observed and theoretical values of F over a 
wide range of temperature, but there are no data available in 
the literature to adequately test this hypothesis. Thus, 
although the model in which both rotational modes of adsorbed 
H2 are hindered can lead to rotational barrier heights which 
are consistent with the heat of adsorption, it is not possible 
to obtain a unique value for each barrier height and such a 
model has not yet been definitely tested. 
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Silvera and Nielsen 28 have studied the adsorption 
of H2 on activated alumina at 5 to 77K using INS and measure-
ment of the separation coeffi~ient F. 
The INS spectrum at SK of submonolayer coveragE;!_S 
.. _... -
_,of ~2 adsorbed on alumina showed a single band at an energy 
.. --- - - 28 
transfer of just below lB,and, according to the authors, 
a broad, unstructured spectrum above l.SB (Fig.lQ3). The 
value used for B, the rotational constant of adsorbed hydrogen, 
was 59.3 -1 em The observation of a band at aa lB is evidence 
that the adsorption of H2 was non-dissociative. 
Fig. lOo.J The INS spectrum (5K) of H2 adsorbed by alumina, 
taken from refo 28. 
250 f 
II) i 
lg ~ 200 ~ 
::I ::I I ~ > 150 t· 0 
a:: 0 ~ ~100 1- 0 
a: 3! I o ~ <(50~ ~ I 
0 o~-7.ns~-,~o--~--~--~~ 
. 1.5 2.0 2.5 3.0 
ENERGY [B) 
The energy transfer is given in units of B-:= 59. J em -1. 
Scattering counts from the bare alumina have been subtracted 
by the authors28 from the datao The H2 coverage was 16.5 
cmJ NTP/g. 
. _J --~-·- .: - .. : .... ~. 
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h d t d . d 28 . f 1 . T e a a were 1scusse 1n terms o two a ternat1ve 
models of the adsorbed H2 : 
1. a free rotor confined to a plane, the orientation of 
which was not specified (two dimensional or 2-D rotor model) . 
The INS band at·lB is then assigned to the transition from 
the m'=±l state to the m''=O state of the rotor. The possible 
perturbation of the three translational and the remaining 
rotational degree of freedom of the molecule on adsorption 
was not discussed. 
2. the TOP model of White and Lassettr.e9 (Section 10.4.1) 
with a barrier height for the T mode of -SB. y The possible 
perturbation of the degrees of freedom leading to the T , t 
Z X 
and t modes of the molecule on adsorption were not discussed. y 
Silvera and Nielsen28 have compared the measured separ-
ation factors, Fobs' for H2 and n2 adsorption on their samples 
with theoretical values, F calculated within the 2-D 
calc' 
rotor and TOP models. The values are listed in Table 10.2. 
The separation factor published by Silvera and Nielsen 28 for 
the TOP model was calculated for the limit of an infinite barrier 
to rotation. Although the splitting of the rotational energy 
levels, and hence the separation factor, in the TOP model 
depends on the magnitude of the barrier to rotation (Section 
10.5.4), a value of F 1 appertaining to a barrier of -SB ca c 
28 
was not reported . Nevertheless, Table 10.2 shows closer 
agreement with experiment for the separation factors calculated 
within the .2-D rotor model than those calculated for the TOP 
model. 
The consideration of another factor, discussed below, 
led Silv~ra and Nielsen 28 to discard the 2-D rotor model in 
""" 00 
""" 
TABLE 10.2 Calculated and observed ortho/para separation factors of H2 and D2 
adsorption on Al 2o3 at 20.4K. The data are taken from reference 28. 
- -
F 
obs F calc F calc F F 
model 
2-D rotor TOP 2-D rotor TOP 
zero barrier infinite barrier zero barrier 
height height height 
H2 39+l 
-8 43.8 . 1439 86 to 160 43 to 80 
D2 5±0.3 5.45 22.3 - -
--- ·- . - - -· 
--
-----
. -
- -·-
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favour of the TOP model. The authors derived model dependent 
values, F, of the separation factor from integrated INS band 
intensities. The values of F are listed in Table 10.2. A 
precise evaluation of F was not possible because of uncertainty 
in the extent of the wings of the INS band and in the baseline 
position (Fig.l0.3). It is not clear in the paper of Silvera 
and Nielsen 28 whether the value of F calculated for the TOP 
model (Table 10.2) refers to the limit of an infinite barrier 
height or a barrier of -SB. However, the value of F for the 
2-D rotor model shows poorer agreement with experiment than 
that reported for the TOP model (Table 10.2) and on this basis 
Silvera and Nielsen favoured the TOP model. But bearing in mind 
the difficulties in determining the value of F, we maintain 
that the comparison of F b with F 1 , which favours the 2-D o s ca c 
.rotor model, is likely to be more reliable than the comparison 
with F on which Silvera and Nielsen based the interpretation 
of their results. 
Within the TOP model, a band was predicted by Silvera and 
Nielsen28 to occur at ca 3B in their INS spectrum·of Al 20 3/H 2 . 
The band was not in fact observed and its absence was rational-
ised28 by suggesting that it would be extremely broad. We 
here propose an alternative explanation, couched in terms of 
the 2-D rotor model. 28 It was not stated by the authors 
whether their INS spectra were neutron energy loss or gain. 
But since the incoherent inelastic scattering cross section for 
para-H 2 is zero (Chapter Two) and there is no evidence for any 
bands below ca lB, the observed band (Fig.l0.3) must be due to 
the transition m~~=±l (ortho-H2 ) to m~=o (para-H2). The INS 
spectra of Silveraand Nielsen therefore correspond to neutron 
energy gain. For low values of the barrier to rotation, a band 
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at 3B would correspond in the 2-D rotor model to the tran-
sition m--=±2 (para-H2):::;tom ... =±l (ortho-H2), which even if the 
para state was significantly populated, is not observable 
by INS. 
To conclude, despite the preference of Silvera and 
Nielsen 28 for the TOP model, the experimental separation 
factors and INS spectrum of H2 adsorbed on Al 2o3 appear to 
be more consistent with the 2-D rotor model. 
10.4.3 Published volumetric studies of H2 adsorption 
by Zn-A zeolite 
The adsorpt~on of H2 and D2 in various zeolites 
has been studied by Kochurikhin and Zel'venskii. 3- 6 Adsorption 
6 isotherms for various temperatures from 80.3 to 121.7K showed 
that the uptake of H2 by ZnA zeolite was completely reversible, 
in common with NaA, MgA and NaX. The degree of ion-exchange 
of the zeolites ZnA and MgA was not stated. 6 The iSGsteric 
heat of adsorption of H2 by ZnA was reported
5 to fall with 
-1 3 increasing H2 dosage from 8.2kJ mole at 3cm H2/g to 6.9kJ 
-1 3 
mole at 60 em H2/g and the differential entropy (referred 
to a standard state of 1 torr H2 at 90K) varied from 55 to 31 
-1 -1 J mole K over the same range of H2 coverage. 
Kochurikhin and Zel'venskii 4 ' 5 have discussed 
the adsorption of H2 at a surface, using the potential function 
for the adsorbate-adsorbent interaction given by White and 
9 Lassettre (equation 10.3) and adopting the TIP model (Section 
10.4.1). A comparison of experimental and calculated values 
of the isotope separation factor for the adsorption of an H2/D 2 
mixutre led to an estimate of C=5.15kJ/mole for H2 adsorbed in 
ZnA. 4 ' 5. 
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10.4~4 Vibrational frequencies of adsorbed H2 
calculated from thermodynamic data 
In a later, volumetric study of H2 adsorption 
in ZnA, Kochurikhin and Zel'venskii6 showed that the TIP 
model did not accurately reproduce the experimentally deter-
mined entropy of the adsorbate. We recall that in the TIP 
(and TOP) model, only the T and t modes of the admolecule 
. . y z 
are hindered, those degrees of freedom which would lead to 
the t , t and T modes are not perturbed by the surface. X y Z 
Kochurikhin and Zel'venskii 6 showed that the observed differ-
ential entropy of H2 adsorbed in ZnA could be accurately pre-
dicted by modifying the TIP model such that the translations 
of the admolecule in the x- and y-directions became restricted 
and were replaced by the degenerate vibrations. t and t 
X y 
(Fig. 10.2). It was estimated6 that the t and t modes arose 
1 -1 
at 57 em- and the t mode at 334 em . 
z 
X y 
Frequencies for the 
torsional modes were not given. We comment on these predictions 
in Section 10.6. 
10.4.5 The published INS spectra of condensed H2 and o2 
16 Egelstaff has published neutron energy gain 
spectra of solid H2 at 12K and of liquid H2 at 15, 18 and 21K, 
-1 
using a maximum incident neutron energy of 40 em The 
spectra showed a single inelastic feature, at 125±4 cm-1 , corres-
pending to the transition from the ortho-H2 to the para-H2 
16 ground state. These results of Egelstaff are quite dis-
similar to our spectra of H2 adsorbed by ZnNaA (Section 10.5). 
The phonon spectra of solid H2 and o2 have been 
d b N. 1 29 reporte y 1e sen. 
488 
10.5 Results - the INS spectra (lOK) of H2 adsorbed 
by ZnNaA zeolite 
10.5.1 Introduction 
The t.o.f. spectra (10 to 210 cm- 1) obtained at 
lOK of H2 adsorbed by ZnNaA are shown for five scattering angles 
in Figs. 10.4 (a-e). Background spectra of ZnNaA measured 
before the adsorption have been subtracted from these data. 
Fig.l0.4(a) shows an intense band at 155 cm-l and a slightly 
weaker one at 72 cm- 1 ; there being a small variation in fre-
quency with scattering angle (Table 10.3). On increasing the 
scattering angle, y, the intensity of both bands decreases, 
therelative intensity of the 72 cm-l band falling off more 
rapidly than that of the 155 cm-l band. This is at least 
partly due to the higher values of the momentum transfer to 
at a given y for the lower frequency band. 
The melting point of H2 is 14K. That we have not 
observed transitions of solid H2 is apparent for the following 
reasons. In Section 10.5.2 below we argue that since our 
INS spectra correspond to neutron energy loss, the only tran-
sitions which may be observed at lOK are those from the rota-
tional ground state of ortho-H2 . Except at high pressures, 
the rotational energy levels, EJ, of solid H2 are given
16 by 
EJ = BJ(J+l) and the two lowest energy transitions which are 
observable are: 
J""=l 
J""=l 
------ J"=2'.{,_ 
--1--- J "=3 I ~- AE = 4B AE =lOB 
Thus the INS spectrum predicted for solid H2 bears no resemb-
lance to that observed at lOK from H2 adsorbed by ZnNaA, which 
shows bands at ca 1.2 and 2.5B (Section 10.5.2). 
0\ 
00 
-q< 
~igs. 10.4 T.o.f. spectra (lOK) of ZnNa-A zeolite plus adsorbed hydrogen, coverage 1.1 molecules 
per pseudo unit cell. The background spectra of the dehydrated zeolite have been 
subtracted. 
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~ TABLE 10.3 The bands observed in the t.o.f. spectra of H2 adsorbed by ZnNaA zeolite (LOK) 
figure scattering angle, 0 'V -1 Q2 I R-2 relative intensity \) I em 
' 
8.4a 58.5 15§ 11.0 1.0 
72 12.5 0.48 
8.4b 76.5 157 16.3 0.36 
74 19.7 0.10 
-
8.4c 83.3 157 18.5 0.16 
76 22.6 0.04 
8.4d 108.0 159 26.1 0.12 
76 33.2 0.02 
8.4e 117.0 158 28.9 0.10 
75 37.0 0.01 
---- - -- --
Notes: 
~ = band frequency, he{'= momentum transfer during the scattering event 
The band frequencies and relative intensities were obtained by fitting Gaussian curves to 
the spectra (Section 8.5). 
495 
Of all the models of adsorbed H2 discussed in Section 10.4, 
that due to MacRury and Sams 12 is to be preferred since it is 
the only one to discuss the perturbation of both rotational 
degrees of freedom of the admolecule. Unfortunately, the para-
meters of this model '(ie A and 2~, Section 10.4.1) cannot be 
uniquely defined from the thermodynamic data available in the 
literature for any H2-adsorbent system. The problem is exacer-
bated when it is considered that the rotational barriers are 
not necessarily of two-fold multiplicity, and that the separation 
of the rotational energy levels depends on the barrier multi-
plicity. Because our INS spectra of ZnNaA/H2 (Section 10.5.2) 
give insufficient information to be analysed in terms of the 
MacRury and Sams model, 12 we interpret our data in terms of a 
simpler model. As a preliminary analysis, we consider that 
the INS spectra of ZnNaA/H 2 arise from transitions of a hindered 
rigid rotor iri a plane and neglect any possible interaction 
between this rotation and the other modes involving the H2 . 
molecule. In Section 10.6, we suggest additional experiments 
which might enable the INS spectra of hydrogen adsorbed in 
12 
zeolites to be analysed in using the MacRury and Sams model. 
The work of Kochurikhin and Zel•venskii 6 has shown that 
H2 adsorbed or ZnA is localised. If, on that basis, we adopt 
a model of H2 adsorbed in ZnNaA such that the H2 is held by a 
Zn++ cation, 
eg. 
or 
H-'---.:...---H 
' /• . 
. ' / . 
' / 
' ) 
·, Y++ 
_·;zn 
then it is reasonable to describe the Zn++_H2 system using the 
theory developed for internal rotation within molecules, in which 
30,31 
a rigid symmetric top is attached to a massive, rigid framework. 
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Accordingly, the potential function V(a) describing the ZnNaA-H2 
interaction in the xy-plane may be given by a cosine Fourier 
series: 
v 
V(a) E ~ (1 - cosNa) 
= n=l 2 ( 10. 4) 
where a is the angular displacement of the H-H rotor from its 
equilibrium position and N is the barrier multiplicity. As 
a first approximation, we retain only the·first term in the 
Fourier expansion of V(a). The Hamiltonian operator H for 
the rigid rotor is then 
H = 
-d2 
+ 
VN ( 1-cosNa) ( 10. 5) 
da 2 2B 
We now consider how the energy levels of the adsorbed H2 mole-
cule depend on the barrier height, VN' and multiplicity. If 
the barrier.height is zero, the molecule behaves as a free 
2 
rotor whose energy levels, E , are given by E = m B, where 
m m 
m = 0,±1,±2,---. The corresponding ·:,eigen-functions ljJ are 
, m 
given by 
= 
1 
127! exp ( ima) 
In the limit of a very high barrier VN' the molecular motion 
is restricted to small torsional oscillations and the energy 
levels, E , are equivalent to those of a harmonic oscillator 
\) 
of force constant 2VN: 
E 
\) = 
At intermediate values of VN' the energy levels of the rotor 
are obtained by diagonalising the matrix representation of the 
Hamiltonian operator H. The matrix elements are tabulated 
by Lister et az 32 using exp(ima) as a set of basis functions 
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(Table 10. 4) . Part of the matrix representation of H thus 
constructed for a six-fold rotor is shown in Table 10.5. 
TABLE 10.4 The matrix elements associated with the 
Hamiltonian operator 
H = + 
< r~~~~r) 
< rl~:ls) 
< rlcosNa.lr+N > 
( rlcosNa.l s > ( rld\lr> 
da. 
(rld221s) 
da. 
Notes: 
VN 
2B 
= 
= 
= 
= 
= 
= 
(1-cosNa.) , taken from ref.32. 
V' 
_ji 
2B 
0 , r "I s 
( r+N I cosNa.l r ) = ~ 
0 , r = s±N 
2 
-r 
0 , r # s 
(rIA Is) denotes the contribution of operator A to the 
(r,s) element of the matrix representation of H. 
r=s=zero for the element at the centre of the matrix. 
The table was derived32 for a set of exp(ima.) basis functions 
( m=0 t ± 1 t ± 2 t • • • ) • 
We have written a computer program to diagonalise .the 
matrix representation of the~Hamiltonian H and plot the eigen..., 
values thus obtained as a function of VN' while holding the 
barrier multiplicity, N, constant. This procedure was carried 
out for N=2,3,6,9 and 12. A multiplicity of 2 was con~ideied 
00 
0'1 
""' 
TABLE 10.5 The central portion of the matrix representation of the Hamiltonian H of a 
-6 
36+x 
X 
-
- 2 
" 
Notes: 
plane rotor in a 6-fold potential well 2 H = -d /da2 + (V6/2B). (~-cos6a) 
-5 -4 -4 -2 -1 0 1 2 3 4 5 6 ~ 
-
X 
-6 2 
25+x - X -5 2 
16+x X -4 - 2 
9+x X -3 - 2 
4+x X -2 
-2 
l+x X -1 - 2 
-
X 
X - - 0 2 
X l+x 1 - 2 
X 
- 2 4+x 2 
-~ 9+x 3 2 
X 16+x 4 - 2 
X 25+x 5 - 2 
X 36+x 6. - 2 
- ---------~-
x = (V6/2B). The matrix elements are labelled by the indices r and s 1 for the central 
element,r = s=zero. The matrix elements left blank in this table are equal to zero. 
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was considered because H2 is diatomic; multiples of 3 were 
considered because the Zn++ cations are associated with three 
oxygen;:atoms of the zeolite 6-oxygen rings. As the size of 
the (nxn) Hamiltonian matrix (eg Table 10.5) is increased, 
the evaluation of the eigenvalues of the rotor becomes more 
accurate. However, the computing time needed for the matrix 
diagonalisation increases with n 3 . We have found that the 
plots of the eigenvalues against VN calculated from a (25x25) 
Hamiltonian matrix are identical to those obtained from a 
(50x50) matrix and it is the latter which are presented in 
this chapter. These computer generated plots will be dis-
cussed in detail below. 
In Figure 10.5 we show a generalised diagram (for N=6) 
of the variation of energy levels of the 2-D rigid rotor with 
VN. On decreasing the barrier height from the torsional 
oscillator limit, the energy levels of the rotor are seen to 
split into sublevels. For an N-fold barrier there will be 
(N+l)/2 distinct sublevels from each torsional level for odd N 
and (N+2)/2 levels for even N. As VN approaches zero, the 
sublevels approach the energy levels of a free 2-D rotor, which 
are independent of N. The diagonal, dashed line (Figure 10.5) 
Trans-represents the magnitude of the rotational barrier, VN. 
itions-.between the torsional sublevels may be regarded as 
tunnelling transitions between equivalent potential minima. 33 
The wavefunctions associated with the torsional sublevels 
of an N-fold barrier have 34 the symmetries of the irreducible 
representations of the rotational point group eN. Thus the 
torsional sublevels for a 2-fold rotor are all singly degerierate, 
the wavefunctions transforming as A or B species .of the c2 group. 
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Fig. 10.5 Schematic diagram to show the variation with barrier 
height v6 of the energy levels of a rotor in a 6-fold 
potential well. The varia~ion with v6 has been drawn as linear 
for simplicity only, more accurate representa~ions are shown in 
figs. 10.6 to 10.10. 
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For higher barrier multiplicities, N>2, the torsional sub-
levels are either singly or doubly degenerate and are labelled 
accordingly in Figures 10.6-10.10. 
10.5.2 Assignment of the INS spectra of H2 
adsorbed by ZnNaA zeolite 
As was shown in Chapter Two, para-H2 has a zero 
incoherent inelastic neutron scattering cross section, a. 1nc 
For scattering from ortho-H2 , the value of a. for spin 1nc 
flipping of the neutron and scattering molecule is twice that 
for non spin flipping. We assume that only the lowest 
rotational energy level of ortho-H2 (ie the m=±l state) and 
of para-H2 (m=O) will be appreciabl¥ populated by the adsorbed 
H2 in our ZnNaA samples at lOK. The value of kBT at lOK 
-1 is 83.1 J/mole or 6.95 em , where k~ is Boltzmann's constant. 
Since the t.o.f. spectra of ZnNaA/H 2 (eg Fig. l0.4(a)) 
correspond to neutron energy loss and there is no evidence of 
any transition below 72 cm-1 , the two observed INS bands corres-
pond within our model of adsorbed H2 to the transitions thus: 
m = ±1 m .. = ±2 6E = 72 -1 em = l.2B (spin flip) 
m ........ = ±1 m .. = ±3 6E =155 -1 em = 2. 5B (non spin flip) 
-1 
where B (taken to be 60.809 em , Section 10.1) is the rotational 
constant of adsorbed H2· Turning to the plot of the calculated 
eigenvalues of the H2 rotor against barrier height, v2 , for a 
2-fold potential well (Figure 10.6), it can be seen that there 
are no values of v2 for which the m .... =±l + m .. =±2 and 
m .... =±l+m .. =±3 transitions can be observed at ea 1.2B and 2.5B 
respectively. This is also true of the 3-fold potential 
barrier (Figure 10.7). 
N 
0 
L{) 
Fig. 10.6 The variation or the energies of the torsional sublevels of a rigid rotor in a 
2-t·old potential well. The axes are in units ot· the rotational constant, B, ot· 
the adsorbate. ~~e dashed line ~e~~~sents the height of the barrier to rotation, v2 • 
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For a 6-fold barrier, although there is no single value 
of v6 for which the calculated separations of the two transitions 
are exactly as observed in the t.o.f. spectra (Figure 10.4), 
Figure 10.8 shows that there is a range of v6 values for which 
the calculated splittings of the torsional sublevels in approx-
imate agreement with experiment. This range is 34B$V ~43B. 6• 
Thus for v6=34B, the .transitions are predicted from Figure 10.8 
to be of energy 
~E = 1.6B (observed value 1.2B) 
~E = 2.5B (observed value 2.5B) 
and for v6 = 43B the transitions are predicted to occur at 
1.2B and 2.0B. The 72 and 155 cm-l bands in the ZnNaA/H 2 
spectra (Figures 10.4) are therefore respectively assigned to 
transitions between the E1 + E2 and E1 + B sublevels of the 
torsional ground state of H2 in a 6-fold potential well. That 
there is no exact agreement between the ~alculated and observed 
transition energies is to be expected. Thus far we have 
treated the adsorbed H2 molecule as if it were in the gas phase, 
eg no allowance has been made for the likely increase in H-H 
bond length and the concomitant lowering of the value of B 
on adsorption. Somewhat more significant improvements to our 
model of adsorbed H2 are proposed in Section 10.6. 
Turning to the plots of Em against v9 and v12 (Figures 
10.9, 10.10), it is seen that for all values of v9 and v12 
below SOB, the calculated pplittings m(l+2) and m(l+3) are 
considerably greater than the observed values. Although the 
sublevels of the ground torsional state for both a 9-fold and 
a 12-fold barrier approach each other in energy as v9 and v12 
are increased (Figures 10.9, 10.10) the calculated transitions 
L() 
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Pig. 10.6 The variation of the energies of the torsional sublevels ot· a rigid rotor in a 
6-fold potential well. The heights of ~he transitions E1_,E2 ana E1-+B of the 
torsional ground state are shown for v6 = 34B and v6 = 43B. The axes are in units of the 
rotational constant, B, of the adsorbate. The dashed line represents the height of the ·barrier 
to rotation, v6. ~~--~-----.~----~~~-.------~----~~==~~----.-----~~~~ 
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do not approximate the observed values until unreasonably large 
values (>SOB) of v9 and v12 are reached. Thus we discard 
the possibility that the adsorbed H2 molecules in ZnNaA are 
held in a 9-fold or 12-fold potential well. We note that 
the calculated eigenvalues E change only very slowly with 
m 
barrier height VN for high barrier multiplicities (ie N = 9 or 12). 
Thus our graphical method for determining VN is the more accurate 
the lower the barrier multiplicity. 
To summarise: by discussing the INS spectra of H2 ad-
sorbed in ZnNaA (Figures 10.4) in terms of a rigid rotor con-
fined to a plane, we have predicted a 6-fold barrier to rotation 
of the adsorbate of height ca 34B~V 6 ~4'3B. The fact that the 
barrier is 6-fold is more consistent with rotation in the xy-
plane than rotation pe+pendicular to the zeolite surface 
(Figure 10.2). In the latter case, a 2-fold or non-periodic 
well might be expected. 
10.5.3 An alternative calculation of the barrier height v6 
Having obtained the barrier multiplicity, we can 
attempt to calculate more accurately the height of the barrier 
to rotation of H2 adsorbed by ZnNaA using the method due to 
Herschbach 33 ' 34 
Using the Hamiltonian of equation 10.5, the Schrodinger 
equation for the adsorbed H2 molecule becomes 
2 v 
B dJII(a) N(,., )]'() 2 + [E - 2 -~,-:COSNa 1jJ a 
da 
= 0 ( 10. 6) 
It has been shown33 that equation 10.6 is of similar form to 
the Mathieu equation 10.7: 
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+ 
2 (b ~, scos x)y 
\.. _/ = 0 ( 10. 7) 
where b is an eigenvalue and s is a parameter. ·The two 
equations, 10.6 and 10.7, may be transformed into one another 
' th b 't t' 33 USlllg e SU Stl U lOllS 
1jJ (a) = y 
Na + 1T = 2x 
= (10. 8) 
4E = (10.9) 
. 35 Using a result from the work of Kohler and Dennison, 
Herschbach 33 has shown that the Mathieu eigenvalues b may be 
z 
expressed as a Fourier series: 
00 
= L: 
l=;:O 
(10.10) 
The eigenvalues b 1 , b 2 , b 3 , correspond to solutions of 
the Mathieu equation (10.7) of period 1r, 21r, 31T, ••• in x and 
the subscript z in equation 10.10 is used as an index for 
this periodicity. The values of ~ and ~ in equation 10.10 
0 
depend on z. After Herschbach33 ' 34 we have, for z~l, that 
~=0 and ~· =21T/Z, and for z=O we have ~=0=~ • 
0 . 0 
From equation 10.9, the transition energy E between the 
torsional sublevels b~~ and b of a given torsional level is: 
(10.11) 
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In equation 10,~,10, the coefficients w1 depend only on the 
torsional level, v, and the barrier parameter s defined by 
equation 10.8. Herschbach has published33 tables of w1 
against s for a given v. From these tables and equation 10.11, 
a value of s for H2 adsorbed by ZnNaA is obtained from the 
observed transition energies (Figures 10.4) using the expressions 
below for b"" and b ". Hence from equation 10.8 the barrier 
height, V 6 , t,o rotation of the adsorbed H2 molecule may be 
calculated. 
. 33 34 The eigenvalues b 2 appropr1ate ' to the sublevels of 
the torsional ground state (~=0) of a 6-fold rotor are listed 
in Table 10.6. Starting from e4uation 10.10, Herschbach33 
obtained: 
b2 = .wo - wl + w2 - w3 + w4 - and 
b3 
wl w2 
+ 
w4 
and we obtain = w w3 0 2 2 2 
wl w2 w4 
b6 = w + - w3 - + 0 2 2 2 
TABLE 10.6 The eigenvalues b of the sublevels of the 
z 
torsional ground state of a 6-fold rotor, taken 
from ref. 34. 
symmetry of sublevel 
cpo b (c6 point group) z 
A 0 bl 
El ±n/3 b6 
E2 ±2n/3 b3 
B ±TI b2 
cp
0 
and b
2 
are related via equation 10.10. 
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-1 The 155 em band of our t.o.f. spectra of H2 adsorbed by 
ZnNaA (Figure 10.4) was assigned to the transition between 
the E1 +B sublevels of the ground torsional state of a 6-fold 
rotor (Section 10.5.2). Thus for this transition, equation 
10.11 gives 
(10.12) 
The 
AEEi+B = 9B(b2-b6 ) 
33 tabulated values of· w1 with l>O vanish rapidly, especially 
for large S, and retaining only the terms up to w4 in equation 
10.12 we have 
E = 227B[-wl + w2 6. ···- B EI+ 
-1 Similarly, the 72 em band of the ZnNaA/H 2 spectra (Figure 
10.4) was assigned to the E1+E 2 transition, for which 
discarding terms in w1 for which 1>4. 
The Herschbach tables of s against the w1 are published
33 
for even integral values of s only. Following the prescription 
33 
of Herschbach, we have obtained values of w1 for non-integral 
's from the interpolation of plots of log10w1 against s for 
each 1. -1 From such plots and using a value of B=60.809 em 
(the gas phase value for H2) , we obtain a value of the barrier 
parameter s of 4.9 for the E1+E 2 transition and s=3.9 for the 
E1 +B transition. The corresponding barrier heights, v6 , are 
44B(32kJ mole- 1 ) and 35B(26kJ mole-1 ) respectively. These 
values of v 6 are consistent with the range of ca 34B~v6 ~43B 
estimated from the graphica+ method of Section 10.5.2. However,a 
more realistic model of the adsorbed H2 would predict the same 
barrier height for both transitions. The model could be 
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improved by including higher order terms, vl2' vl8' etc, 
in the Fourier expansion of the adsorbent-adsorbate potential 
function (equation 10.4). A variation in the value of the 
rotational constant B between the torsional sublevels could 
also be considered, although this is likely to be a small effect. 
We comment on the magnitude of our estimates of v6 in Section 
10.6, taking an average of the values obtained via the Herschbach 
method33 of 29±3kJ/mole. 
10.5.4 The ortho-para separation factor of H2 
adsorbed by ZnNaA 
If the translational, vibrational and rotational 
degrees of freedom are independent and if the rotational motion 
in the ~-plane is the only mode of adsorbed H2 which is 
significantly perturbed by the surface, then the separation 
13 factor may be expressed as: 
F = {q(para-H2 )/q(ortho-H2)Jgas phase 
· {q(para-H2 )/q(ortho-H2 ) }adsorbed phase 
The q are molecular rotational partition functions, given by 
q = 
where gi is the degeneracy and ei is the energy.of the ith 
rotational level of the appropriate nuclear spin state, ei 
being meas~red from the ground state of para-H2 • 
At 20.4K, only the ground s~ates of ortho- and para-H2 
are significantly populated, both in the free gas and the 
adsorbed phase. Thus for the gas phas~: 
q (para-H2 ) 
q ( ortho-H2 ) 
= 
1 
(2I+l) (2J+l)exp(-B/k8 T) 
and for the adsorbed phase: 
q (para-H2 ) 
q (ortho-H2 ) 
= 
1 
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where I=J=l and e 1 is the energy separation between the 
ground states of adsorbed ortho- and para-H2 . For ZnNaA/H2 
we have from Figure 10.8 that el = 43 cm-l for v = 34B and 6 
el = 34 cm-l for v6 = 43B and thus we calculate the separation 
factor for ZnNaA/H 2 at 20.4K to be in the range 2. 4 (for V 6=34B) 
to 4. 3 (for V 6=4'3,B). These values are comparable with that of 
13 F=4.8 calculated by MacRury and Sams from the data of 
! 19 Cunningham et aZ for H2 on <·:undoped Al 2o3 at 20. 4K. However, 
our model predicts that F decreases with increasing barrier 
height, which is incorrect. This is most likely due to our 
neglect of.the effect of the out-of-plane rotation on the energy 
levels of the admolecule. 
10.6 Discussion - suggestions for future work 
The value of 29±3kJ/mole which we obtained in Section 
10.5.3 for the barrier height, VN' to the •z rotation of H2 
adsorbed by ZnNaA is considerably larger than that of 5.15kJ/ 
mole published by Kochurikhin and Zel'venskii 6 for the T rotation y 
of H2 adsorbed in ZnA (the •z mode was assumed to be unhindered 
by the latter workers). Our value of VN is also inconsistent 
with the much smallerisosteric heat of adsorption of H2 on 
ZnA of 8.2kJ/mole at low coverage measured by the Russian workers. 6 
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The values of the barrier height to rotation are strongly 
dependent on the model of the adsorbate. The major deficiency 
of our model is the neglect of any hindrance to the rotation 
of the admolecule out of the xy-plane (Figure 10.2). In cor-
porating such a barrier in the model would possibly lead to 
the prediction of a lower barrier height VN for the in-plane 
rotation (• mode). 
z 
The additional data obtainable from 
experiments (1) to (3) proposed below are expected to be suffic-
ient for the INS spectra of ZnNaA/H 2 to be analysed along the 
12 lines of the MacRury and Sams model, which includes barriers 
to rotation of both rotational modes. The following experiments 
are proposed: 
1. recording the neutron energy loss spectra of ZnNaA/H 2 
-1 
at lOK over a frequency range wider than the 10 to 210 em 
span of the present results (Figure 10.4). This would require 
the use of several neutron spectrometers. In the present model, 
-1 
no inelastic features are expected below 10 em although 
transitions due to the T torsion and t , t and t vibrations y X y Z 
-1 
are expected above ca 210 em : 
2. measuring the neutron energy gain spectrum of ZnNaA/H 2 . 
Our model predicts that the sptrum at lOK would show a band 
due to the transition from the E1 (ortho-H2 ) to the A(para-H2 ) 
sublevels of the torsional ground state of adsorbed H2 (see 
Figure 10.8). At a temperature sufficiently above lOK, the 
6-fold model predicts that the B(ortho-H 2 )+A, B+E1 and B+E2 
transitions would be observed; 
3. repeating (1) and (2) above for adsorbed D2 . Deuterons 
obey Bose-Einstein statistics and the effect of the nuclear 
spins on the rotational spectrum of D2 differs to that observed 
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Deuterium exists in singlet, triplet and quintet 
nuclear spin states; the singlet and quintet states both occupy 
rotational states of even J and are colleciively called ortho-· 
D2 , while the triplet state, para-D2 , occupies the odd J 
rotational levels. 14 At all attainable temperatures the 
three spin states of D2 exist in equal proportions.
14 From 
Chapter Two, only the triplet and quintet states have a non-
zero incoherent inelastic neutron scattering cross section. 
Thus transitions from both ortho-D2 and para-D2 are predicted 
to be observed in the INS spectrum of ZnNaA/D2 . Having 
corrected for the difference in zero point energies, these 
transitions should be consistent with the same values of the 
barrier heights to rotation as derived for adsorbed H2 ; 
4. The splitting of the rotational energy levels of adsorbed 
H2 is a function of the adsorbent-H2 interaction which could be 
investigated by recording the INS spectra of H2 adsorbed in a 
series of partially exchanged M++Na+ A ,zeolites (where M is 
a first row transition metal). 
From thermodynamic data, Kochurikhin and Zel'venskii6 
have predicted frequencies of 57 cm-l (tx and ty modes) and 
334 cm-l (tz mode) for H2 adsorbed by ZnA zeolite. Given 
the appr0xmations made by Kochurikhin and Zel'venskii, the value 
of 57 cm-l is close to that of 72 cm-l observed in our INS 
spectra of ZnNaA/H 2 . We have,. however, assigned the 72 cm-l 
band to a rotational (T ) rather than a translational trans-
z 
ition. Our asQig~ment_would be tested by obtaining the 
deuteration shift of the 72 cm-l band. 
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APPENDIX 
Lectures and Seminars held by the Department of Chemistry 
at the Un~versity of Durham during the period 1979-198Z 
An asterisk denotes those attended. 
* 21 November 1979 
Dr. J. Muller (University of Bergen}, 
"Photochemical Reactions of Ammonia". 
* 28 November 1979 
Dr. B. Cox (University .of Stirling}, 
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"Macrobicyclic Cryptate Complexes, Dynamics and Selectivity". 
* 5 December 1979 
Dr. G.C. Eastmond (University of Liverpool}, 
"Synthesis and Properties of some multicomponent Polymers". 
* 12 December 1979 
Dr. C.I. Ratcliffe (University of London}, 
"Rotor Motions in Solids". 
* 19 December 1979 
Dr. K.E. Newman (University of Lausanne}, 
"High Pressure Multinuclear NMR in the elucidation of 
the Mechanisms of Fast, Simple Inorganic Reactions". 
6 February 1980 
Dr. J.M.E. Quirke (University of Durham}, 
"Degradation of Chlorophyll-a in Sediments". 
* 23 April 1980 
Mr. B. Grieveson (University of Durham}, 
"Halogen Radio Pharmaceuticals. 11 
14 May 1980 
Dr. R. Hutton (Water Associates, U.S.A.}, 
"Recent Developments in Multi:...milligram and Multi-gram 
Scale Preparative High Performance Liquid Chromatography". 
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21 May 1980 
Dr. T.W. Bentley (University of Swansea), 
"Medium and Structural Effects in Solvolytic Reactions". 
* 7 October 1980 
Professor T. Tehlner (Notre-Dame University, U.S.A.), 
"Metalloboranes Cages or Coordination Compounds?". 
* 16 October 1980 
Dr. D. Maas (Salford University) 
"Reactions a Go-Go". 
30 October 1980 
Professor N. Grassie (Glasgow University), 
"Inflammability Hazards in Commercial Polymers". 
* 6 November 1980 
Professor A.G. Sykes (Newcastle upon Tyne University), 
"Metallo-proteins: An Inorganic Chemist's Approach". 
12 November 1980 
Dr. M. Gerloch (University of Cambridge), 
"Magnetochemistry is about Chemistry". 
* 13 November 1980 
Professor N.N. Greenwood (Leeds University), 
"1'-letalloborane Chemistry". 
* 19 November 1980 
Dr. T. Gilchrist (University of Liverpool), 
"Nitroso-olefins as Synthetic Intermediates". 
4 December 1980 
Reverend R. Lancaster, 
"Fireworks". 
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* 18 December 1980 
Dr. R. Evens (University of Brisbane, Australia), 
"Some Recent Communications to the Editor of the 
Australian Journal of Failed Chemistry". 
29 January 1981 
Mr. H. Maclean (I.C.I. Ltd.), 
"Managing in the Chemical Industry in the 1980s." 
18 February 1981 
Professor S. Kettle (University of East Anglia), 
"Variations in the Molecular Dance at the Crystal Ball". 
25 February 1981 
Dr. K. Bowden (University of Essex), 
"The Transmission of Polar Effects of Substituents". 
* 17 March 1981 
Professor W. Jencks (Brandeis University, Massachusetts), 
"When is an Intermediate not an Intermediate?". 
* 7 May 1981 
Professor M. Gordon (Essex University) , 
"Do Scientists Have to Count?". 
* 10 June 1981 
Dr. J. Rose (I.C.I. Plastics), 
"New··_Engineering Plastics". 
21 September 1981 
Dr. P. Plimmer (Dupont), 
"From Conception to Commercialisation of a Polymer". 
* 14 October 1981 
Professor E. Kluk (University of Kotowice) I 
"Some Aspects of the Study of Molecular Dynamics -
Simple-Molecular Liquids". 
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22 October 1981 
Dr. P.J. Corrish (Dunlop Ltd.), 
"What would life be like without Rubber?". 
6 November 1981 
Dr. W. Moddeman (Monsanto Ltd., U.S.A.), 
"High Energy Materials". 
12 November 1981 
Professor A.I. Scott (University of Edinburgh), 
"An Organic Chemist's View of Life in the N.M.R. Tube". 
26 November 1981 
Dr. W.O. Ord (Northumbrian Water Authority), 
"The Role of the Scientist in a Regional Water Authority". 
* 2 December 1981 
Dr. G. Beamson (University of Durham), 
"Photoelectron Spectroscopy in a Strong Magnetic Field". 
* 20 January 1982 
Dr. M. Bryce (University of Durham), 
"Organic Metals". 
28 January 1982 
Professor I. Fells (University of ~ewcastle upon Tyne), 
"Balancing the Energy Equations". 
3 February 1982 
Dr. D. Parker (University of Durham), 
"Modern Methods for the Determination of Enautiomeric Purity". 
* 10 February 1982 
Dr. D. Pethrick (University of Strathclyde), 
"Conformational Dynamics of Small and Large Molecules". 
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* l 7 Februa:ry 198 2 
Professor D.T. Clark (University of Durham), 
"Structure, Bonding, Reactivity and Synthesis of 
Surfaces as revealed by ESCA". 
3 March 1982 
Dr. P. Banfield (I.C.I. Organics Division), 
"Computer Aided Synthesis Design: A View from Industry". 
* 19 May 1982 
Professor R.D. Chambers (University of Durham), 
"fluorocarbanions - some 'Alice in the Looking Glass' 
Chemistry". 
28 June 1982 
Professor D.J. Burton (University of Iowa), 
"Some Aspects of the Chemistry of Fluorinated Phosphonium 
Salts and Phosphonates". 
